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TECHNICAL REPORT R-65

DETERMINATION OF LATERAL STABILITY CHARACTERISTICS FROM

FREE-FLIGHT MODEL TESTS, WITH EXPERIMENTAL RESULTS

ON THE EFFECTS OF WING VERTICAL POSITION

AND DIHEDRAL AT TRANSONIC SPEEDS

I].V ('LARENCI'; L. ('dI.l.lS, ,JEssE I_..MrrtrIIELL,

_.1111] (_lll.|_.LEs T. |)'AII'TI_IA_

SUMMARY

,-1 mHhod qf lestin9 aml d(tta a_mh.l._L_, i._'pr_..w ld_d

fl,' i_v_._tigating the lateral ._labilit!/ charact,_r;xticx

qf abTd(tt_c model._" i_ .free flh.lht. Thc lime-rector

method qf .,'olution of the oscilhthw!l hth,ral me/bin

proved to be: a 'uxeful method qf delerm;l_il_g aero-

d!lnamic derinalire,_. The method ix ;llu,_lrahd b!l

+.rpcrimenlal re,_'tt/l,_" at lratlxot_ic ,_'pet_d._"lor thre_

,_mtpt-uqt_g airplan_ modd,_" d_Jeriltg old?/in v_rlic(t/

lm._ili,m amt dihrdrol q/ thr" mill[I , ¢IIHt the It_ajor

,:ff_c/._' q/th.r._'e geometric varialhmx were det_,rm;tlcd.

,11,_'o ._'hou'n are: eXlS_,rimelHa[_ rexull,_ [)'ore one

_(l_xmepl-_t';l_ 9 airplane model to /Ih(xh'ah, t/tc u._-

.fuh_e,_s qf direct mea._ureme_d._' qf jorce,_ amt m,tm, nl,_"

;n e,_'lob/ixh;nfl lh.e liJ_.arit!l of the rc.,'ul[ .... In il_l_'r-

pretat;o_ o.f the e:rp(rimetda[ rcxult._" ;n l_.rmx qf
flU/n,� qualitie._" for a full-xcal_ airpht_e ix h_chul(d.

INTRODUCTION

='t_tlaimnent of aiq)lane flight, speeds in the

SUl)evsoni(: realm has focused altention on the,

stabilily l>rol)lems associated with flight lit high

speeds and high altitudes. The types of laleral

motions encountered and the inq)ot'lant'e of
certain of lhe stability deriw_tiw,s and inertia

relations in defining the motions of the airplane

haw, been examined. (See refs. 1 l,o 5, for ex-

alnph,,) Win(I-tunnel techniques are available

f(w ]neasm'i||g the static lateral stqbility (leriv_-

lives as well as the rotary lateral stability deriva-

lives (ref. 6). Development of analysis methods

1111(| test te('hniques has been under way for the

l>Url)ose of determining airplane lateral stability

charaelefisties including both slqlic a ml rotar 3"

deviv'_tives ['rom rree-ttight, tests. Reference 7
gives the rmldamenhds of a. met.hod, lhe time-

vector meth(ul, that has proved useful in lntevnl

stability analyses.

"['he purpose of the present rel)ot'g is to describe

l[|e tillle-ve<'lof meth<)(l of amdysis as al)l)lied lo

the oscilh|lory lateral |nolions or t'ree-tlig]n, air-

phme m<)(Ms nn(I lo present, illustrative experi-

mental (lata, as an aid in evaluating the lest, te('h-

ni(lue. Three roekel-llrol)elled models of a, 45 °
swept-wil_g airplane configuration were flown

and covered a Maeh num|)er range front 0.7 [o

1.3. The three models dilrered in wing position

and dihedral. ()ne model had a high wing with no

(tihedra], one t111(la low wing with no (tihedral,

and one ha(l "t high wing with 10 ° negative
(lihed|'al. Tile geon|elri(' variations ulilized in

1t1(! program provided a l>l)reeiable variations in

t'requeney and very hlrge wH'iations in roll-h>-

yaw a mplitu(h, ratios. Some ewtluath)n or the
efl'ects of these faelors on the userulness and

accuracy of the test technique was possibh*.

In addition, data are presented ['or an unswept-

wing eonfigurat.ion at transonic speeds to illustrate
the value of direct, measurements of forces and

moments in establishing the linearity or the,
results.

The models were flight, tested at the NASA

Wallops Station.

SUlle]>edcs de('hlssificd NA('A Rcst;lrch Mi,nl(n'alldnnl L._iiFl7 by ('hm,ncv I.. IHllis and Rt)wt, Chapman, Jr., 1956.
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SYMBOLS /

hm_it udimd avveh,ronwter rmtding, A/
imsitive in {lit, posilivv x-dil'eC-

3 Ix, A It, 3 Iz
tioII, g units

llOl'IIlltl I/CCO|Ol'Olil{'t 01' I'¢R(]ill_,

positive in the negative z-dire.-
]if

t[ol|, ,q IlllitS

ll'llll_VOl'S(' _i_'('{'[Ol'()lIl('t('t' I'('adill_. tic\-

tmsit,ive in the positive !l-dire,:- iT'
lion, g units

dampitig f'actO.l" o[ oscillatory m-- P
tion, sec -t q

q'
<lamlfing I'a_'tor of aln, l'iodi¢ ' tuo- 1:

| itill, sO<'-1

wing span, ft
W r

C]lOI'd-I'ol'CO ('oetticient, al g'S N

lift voefticiont, ('.v cos a--(' sin _e t

rolling-tuoment coctticient, tlf+-'

Rollin+z mome.i
q' Sb -- V

nornitd-fm'ce coelticient, a,, q_ W
J ,yawing-momen! voefTicient, W, Z

Yawing nmment 71

q' Nb 11'
W

lateral-force coefficient, a, g'S

numl)m" of ('vvh's required for

oscillat, ion to damp to half _.

a mplit ude
hwal ('hord, ft F

meun m,rodymulfic ¢'hord, ft

ffravilatiomtl acceloration, 32.2 ft'
S{_( '2

altitude, ft !/
rl_ :9

InOlnt'td of itwrliu about X-axis, +'i-

slug_ft 2 0

moment of im,rlia almul )_-axis,

slug_ft 2 #0

lllOIIlOIll of inet'titi iibOtl[ Z-axis, 0
slug_f't 2 0

¢,
pi'odtlt'l of inert ia, _(Iz--/x) titli 2_, [2(.y

slug-f t2 Qv

span-load distribution factor, sq ft _2r

(see appendix) ¢+

ra<lius of gyration litlout ,\'--axis, t't co,,
rlidhis of gyration ill)out Z-axis, ft

t'OllCOll[l'lilod load, Ill (SOe ap- Suh_cl'ipls:

pendix) A

longitudinal disliilwe lmtweon two

ll'iiliSVt'l'S_ ' ill't'oh'l'OllltqOl'S_ fi

_'IIW]l liuinllor

rolling, l)ih'iihig, lind yltwhl_ ilill-

lilOlltS ilbOlll .\'-. }'-, iilid

Z-itxes, l'l'sl)i'lq iw,ly

rolling lilOlilelil Oli ll stq'iitlll of tilt'

wing, fi-lb (see appendix)

period of laierlll oseilhitioli, sev

rollint_ vehlt.ily, rndillns/'se¢'

pitehili 7 velocity, rlidililiS/StW

dylininic pressure, lblsq fl

l{eynohls IIIlIIII)OF based on wing

lilt'all ill'rody'iliilnic chord

yiiwili_ velocity, l iidiaiisist,c

whig lil'iql, _(I ft

lillle, SOt'

thne ro<tuh'od for hllerlil <)s¢iihtthtn

io dliinp 1o hiilf llliipiiltldt,, stq'

velocity, fi/SO('

oquiviih'nl hilorlil volociiy, ftlsoc
weight of model, lh
eoordinnl i' axes

spiuiwi._o station, ft,

s|)llnwisl, sllilion at which COll('Oll-

iralod lolid is ill)plied, ft

ilil_le of aihick, l'liditiliS or/to_

linT]o of sideslip, i'iiditlliS or do_

initial vlilllo of llllg|O of sideslip,
radians or deg

dihedral angle, <it,g, or span-load

])arallleler (sO(' lippendix)

principal-ilxis in¢,iinalion, posit.ire

as sliown hi ifi_iii'o 1

pitch angle or IlllglO of twist. (see

append ix), radians

relative )lltlSS density, m/pNb

ltt nlompherie densit,y, s|ugslcu ft

roll lulgle, radians

yaw allgle, radians

pliiise anglo by which ('r lea<Is J

phase angle by which p leads fl

phase angle by which r leads
oscillation frequency, radians/sec

undampe<t nalural frequetwy, ra-

<tians/sec

full-svlih, il h'l)llulo
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Oro,ect'o;ot

...._.......... 7

a'_ 4 4[.

Horizontal Prlnclpol axis/' _, _

Projection of / /

relative wind' /

Y

Horizontal- --

Z

Rear view

FI(;VRE ]. _y:_l('/ll ()f ])gay Nxl!_.

_'lnst i("
t, h<wizonral In iI

t rigid
t t rim wlh]e
_' Vt'l't i('al t_dl

., wing

m/ wing-fuselage

A single (lot, over n syml)o] imli(mtes |h_' din'iv.-
five of the quantity with respe('l lo time: a double
_lot ropi'esents the second deriv_ltive with resl)(.ct
to tim(,.

Stmplilude rntios of the os('ilh/iory ('Oml)Otw]Hs

,)f th(, motion are desigmlt,e(] _ls _ P nn(I
forth. 'i_'

SO

The static stability (h,rivaltiv('s _u'e indieate(I in

tho following mmmel': ('r_= _ff, OB' _J_(l

so forth; wh(,rens, lht' rot nry tim[ nccohq'ntion

, (-) .derivativ(,s a]'{, indi(mt.{I ns (' b('., ('• ( ,i " --_ IP

_lnd so fortil. 02I" "2I/"

MODELS AND TESTS

MODELS

._ket('llos showing the dimensions of th('SWOl)t-
wing too(Ms ar_' ]w_'smH('(] in [igIIl'(' 2. A(hlilional

/

l., 11.45_ .,_

,Air-flow-direction 45"=_/ tw / _ ///_6.47
indi¢oto, _-" /___2_ _,/J/

r 5zse ",%.\ + _._,:_.\"

_ _"i7_"_
4.7'0 _'_ _--

_wvoo..,e°d. _"
. ', 10.45--,7/ / .

_" ; 58.54 _','_.# )4.27

_ 5___-___ ,- -I
_._m 518_ _6

_- -- 69,50 -
(o)

i t
_7.80 diam.

_- 22.55

Model I (high-wing)

Model 2 (low-wing)

(b)
Model 3 (high-wing with negative dihedral}

(a) Plan alia ,4d(! vimv of ]no(h,l l (high-wing m(,leI).

(b) Front vi_ws of models.

l+'I(;tq{l,: 2. SW*'l)t-wing rag(Ms. All dinn,n_i<)tls arc in

inches.
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geonwtri(' ('hara('teristi('s of the Inod('|s nre g'ivon

ill table I and the muss and inertia chara('teri_lio_

are given in table II.

'l'he three swept-wing models had geometri('ally

identical sm'fa('es and fuselages and differed only

in the vm'tical position and dihedral of the wing.

The wing weight was counh,r|)alant'ed so that lhe

model ('enler of gravity was on the geometric

('enter line for MI mo([els. The x_"mgs w(,ro of

composite wood rim| metal constru('lion. Verti('al-

_tll(] h()rizontnl-lai[ St|l'fn('es wtq'e ma('hin(,<l from

solid (Itu'nhmtin. The horizontal-tail surfa('e was

set ttt all in('i(h,n('e nngle of -- 1/2 ° with th(' fus(,ht,,,'e

center lint, for all models. Th(, fust,hlg'e was a

parabolic ibody o[' revolutiot), with m,ximum

T,\I¢IA,I I.

Wing:

AF(q! [l'xl('lt(|t'(] 1[_ IllO(|o] ('(qlll'F ]lilt' .

>(l fl . _ .

.\sl)('t'l I';l I IO _.

Airfoil sv('l ion ....

dian,etm' at 40 1)er('ent of lhe h,ngth. I[oused

in the Sl)un-nlelal nose of tile model was an

eh'('trically actuated yaw vane disturber. Photo-

(..,'r:q)ils of the mod,qs are shown in figure 3.

Ill Ol'(]tq' 10 lllillillliZe the ;IlII(Hllll ()f l)itch-yaw

('oupling (,lWOUnt(Tt,d in the t(,sls th(, ('elHt, r of

grav'ty (,t' each model was l)hu'ed very far forward
(see lal)h, II) in an attempt to koe 1) the l)il(.h

frv(l_Cn('y nlwavs higher titan lwi(.e the vuw

fl't'(ll,t'll('3 _ :|lid thus avoid a I'OSOll_lllt condition

cref. S. For idontili('alion in this F('])OI'I, 1]U'

high-wing model is (h,signat,,d model 1 : lhe h)w-

wince model model "2: and lh(, high-wing-m(,(h,I

with n,:gative dihedral, m,)d(,l 3.

The unswt,i)t-wing model, designated model 4,

(;I,]()MI,VFI{](' ('11. I{.\('TI'iI{ISTI('S

: ,',_I'l)l -'¢_ ilt_ 1" n _ Wel)l -v_ ill _
tm)d_,l,- model

t 4 I -I. 25

4. 0 3. 1

N.\('.\ (;SA00] I 5-1)erm'nl-lhi('k

]l(,x:t_()ii:tl

l|orizonla[ l:dl:

[_I'('tt (('XlPlltl_q] I1> I110(|t'1 ('_'III('F line.

:t l fl ..... O. N,R

AsppeI ratio .... 4. 0

Airfoil s(,et ion .... N A( 'A liSAOI)4

I. 10

|. 33

5. 0-1)(,r('vnl -I hick

h I*xgl_._()ll:l ]

[ \',,rl i(.:d tail

I ArvIt :.qq'fiuls. '):tl,(t -I ,',(fl 0 ,"';_1 O. (R)- ____

Asl)t'cl r:tli,, .... 1 ;")!_ I. :'_()

Airfoil st'('lilJli _ .'N A( '._t (i,')A()() _ 4. ,')-[H'F('_'II{-1 hivk

}II'XH_()II:i[

"FAI_I,I,] II. MASS ANI) INEIUI'IA ('IIAI{A('TI".I{ISTI(',";

'VG,iMd, Ib__

(g.ullou'-of-Kravily l),,silion, l)(,rcpni 7"

Mom(,nts of it.'rli:t:

Pii('h, shl,g-ft-' ........... 5. 47

V:tw, slu_,-fl 2 ....... 5. £1

Ihdl, slug-ft: ................... [ 0. 61

ln,.'limtti.n of l)rin('il)al axis, ,h'_ 2. 15

lq'o(luct of im,rli:t _ 0. 20

Sw[' I I-winK nl()dels l*ItsW_'pt-
xxin_ m[)+h'l

M.,t,,I 1 M(Mel 2 M.d,,t 3 Model t

1(13. l) I I 1. (| 112. 7 151. (I

0 3. S [). Ii I. 0

5. 88 5. 9O

(i. 14 6. 3,R If'e,. 20

0. (iii l). (19 I. IS

0. 7;5 I. GO 4. £0

0. 07 0. 16 1. -11
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, -f.

Model I

Model 2

1

107.4 "t Toil used in
-736 - _ : !' tests of

• _ i :, reference
-68,5 - _/ I i ', 27

J

'Air-flow-direction indicator \ ]1 6.40-_
I\

[ 48,0 --8.6
, r14,4"1_38

,_ 20.3 _ / "rt-
_ 9.0/-]

,Pulse rockets -O.OIc _ 10:6

T-._-_ _ 120.5
I-'r IfiClp*01 aXIS

"Total-pressure tube _---264_

]"I_;VRK 4. U_l-_wel)t-'e,'illu m()d['] (m()(h'I 4). .kit dim(m-

5iOI1,", ;ll'_ ill ill('h(':<

X','_tS rt,[)rt,st,nt_lt[v(, o[' _l SUl)t,rsoH[(' r(,stmr(-h air-

])h_he ('onfi_ztlr_diort (w'f. ft. A ._l,:ett'h of tht'

0.1(i-s('nh' mt)th'l is showu in tigm't, 4 _t_t(l _t l)hoio-

graph of the model rt'_My for hluu('hing is

shown in figtlrt, 5. The mo(h'l w_ts of mt,t_tl

constrtt('titm with the t,x('t,ption of some tilwr
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,<_,lass fairing on tile tail be)ore. The body was

made of magm,sium castings aml durMumin sheet,

aml the wing nml tail surfaces were solid dural-

mnin. Additional geometric chm'aeterislies are
_iven in table 1 aml tlle lnnss and im, ri, ia cinu'acter-

istics are contained in table !I. The setting of
tlu' horizontal tail wn: --l.0 °. All sm'faee_ had

a modified hexagonal airfoil section. The inh,ts
were connected to vonstant-diameter ducts de-

sig'm,d for chol.:ed flow at the exits with a mass-

llow ratio of nbout t).S. ]ll order to provide for

distm'lmm'es in flight, this model was equipped

with 6 pulse rockets located in th,' nose of tile

lnodel, each ro('ket having a total inlpuls(' of

6 1)mmd-se(.omls aml a burning time of ().tIN se('.nd.

1NSTR UM ENTA TION

Each model contained an eight-ehamn,l NASA

ie].enleter. The quantities recorded continuously

were total pressure" al|g'h' of sideslip; roiling
velocity: llOl'llltll, longitudimd, 11.111| [I'IIII,"q'V('I'S(_

,.'ceh,rations near the center of gravity; transverse

.eceh,t'ation at lhe nose; yaw-wme-dislurber de-

ih,ctiml (model 1 only); and angle of att.ek

(models 2, 3, aml 4 only).
(h'ound-lmsml in:irmmmtation im'huh,d a ('W

Dolq)h'r radar unit for measuring model velm'ity
aml acceleration, an NASA modified S('R-584

radar unit for obtaining the model posilion in

space as _t function of time, and n spinsonde

receiver Ol)eratin ff on l he t eh,me! er-anlenmi radia-

tion pattern ns an n(hlitional lll('llSlll'(' of the model

rolling velo('ity. Atlnospheri(. conditions and

wind velocities over the firing rang'0 were obiaim,d

front t'awinsomh,s reh'ased immediately afler the
model ttiffhts. Manually operated 16-millimeter

and 35-millimeter tracking cameras were used to

])lint o/rn ph t he model flight s.

PItEI"LI(;HT M EASITIIEMENTS

The lifling surfaces for the swept-wing" models

were very flexibh'. In order to obiain stiffness

dnta one wing and ill(' verii('al tail of one model
were sul)jet'ted to ('on('entl'at(,d static loads at

four points along both the t).25- nnd 0.50-chord

lines, and the defhwtions along the leading and

lrailin_r edges were measm'ed. The results of

ill(' static loading tests are presented as influence

coefficients in figure 6. The IIIOIlIPIIIS of inertia

of all models were determined by swinginff the

models as 1)emhflums and measuring the frequency

of ill(' os('illatio,s. The prin('ipat hmgitmlim|l

--_,400 X 106 ............... •

I-mLooding st0fion, b/J_ q t- Looding stotion .-_Y' _
-?.,000 / _ D/_ 4

L o 0.976 _ 1- o 0965
-,,6oo- o .738 4 _ o '_55 d

., - o .soo 4 I <> _,_s 4
g .0 -:,2oo _; "" 28o 4_ -" ,335 A

q .50 c

- _-- [. J,_ IJ 1 1 1 [_ =I [_J

-L ' - - -I 17

__o_ 400

-i- 0!--
i(o)-
i t

4000 .2 .4 .6 ,8 1.0 0 .2 .4 .6 .8 1.0

Y Y

(a) Win_. ib) Vvrlical tail.

]:IGIRE [L--_[I'ItNilI'i'(| illihi_'ll('l' ('.ellieient,- for wine ,rid

'v(wti(,:ll tail used on swl,1)l-win K mi)dols.

axis was (lel(,vmined t)y swinging' lh(' models in

roll ai)out at numl)(,r ()f hmgiludimtl axes in('lim,d

at va'ious angh's in lh(' l)lam , of symmetry and
notin_e lhe an_:h, for whi('li llll, lil()lil('llt ()f i]wrlia
in rol was a minimum.

FLIGHT TENTS

Ea,'h model was aeceh,rate(I t() a lllaxilnlnll

31-a('b mmlber between 1.2 and 1.,5 by a solid-

1)ropelhmt ABI_ ])(,a(.oti rocket ].otor, which sel)-
arate, I from the rood(,1 hi'let burnout as a result,

of lh, relative drag-to-weight ratios. Vigurp .5
show,, nlodol 4 and boosler on iho lnunehm'. The

mode s ('ontaim,(l no stlstaimw rockets. Tim yuw

dislmt)ers (m models 1 i()3 (fig. 3(1))) remained

relra( ted durin_ 1)oosle(I fti_hl and their Ol)eralion

was started at sel)arath)n. The VllVt." VIIIIUS VCPI'U

l)l'o_r tll|Od t() l'xtt'lld fullyina time of 0.:_3second

and r_.traetin a time ofal)proximalely0.05 secoml,

the (': (']e I)ein_z rel)eat('d ew'ry 1.4 se('(m(Is. Sim'e

the 3"_w wm('s were set at a tixed angle of ll) ° willt

i'espe_ t lo l lu' nio(h,l (_eliier line, lho niod('l lissuiiied

il I1O_llive sideslip illi_](_ wilh tile VllliO_ exiemh'd.

Up(ill the ral)i([ l'etl'liclioli of t}lo Vllil('$, the lll(idt,[
oscilb ted al)out liie ulidisturl)ed lriin Coliditions.

The tmlse roekeis in model 4 were fired l)eriodicillly

dln'in_ volisliii.ff, flight I)v nielins of delay sqliibs.

Tlie lest vondit.ions prevililin 7 for i]w tligtiis lil't,
l)reselih'(] ill fifftli'e 7 ilS, li ftlilelion of XIavii 111111t1)o1'.
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4,000 _--

5,(X)O

_ 2,0C0

T

I
I I ! ).

Modet •

o

c_ 8-
/,

4
I

METHOD OF ANALYSIS

TIME-VECTOR SOLUTION FOB OSCILLATORY MOTION

Th(, flight-test os(qllation (lath presented herein
were analyzed I)v the tim(,-ve('tor method for solu-

tion o1' the lateral stability equations of mot|oh

(ret'. 7). All the m(,asur(,d quantities used in the

amdysis and the result ing a(,r(_(lynami(' derivnt ires

nre referred to the system of body axes illustrated

in figure 1. The thr(,e ettunlions of motion used

to rel>res('nt the fr(,e-os('illation response of tim
nm(l(,ls in tin' laternl mode following =Ldist|||'l)nne(_

_ll'(' :

"_ I" (3+ r-.p) - ( ',.= () (2)
q'S

Ix lr--Iz Irz (i'+qp)
q',% J) q' Sb qr-- q"S6

pb .(, rb , (:_)

Ix--It Ix... (ti_qr)

pb rb
- (',,_- (',,,, 21.--((;,_- C,;,) ._-v =(_ (4)

0.6 .8 1.0 1.2 1,4 L6

M

(a) ])ymmde pressure.

(b) I/eynohls mtmt)er t)a_ed on nn'an :ter(Htyi_:mfic ch(,rd.

]¢I(;URb; 7. Test conditions.

DATA REDUCTION AND CORRECTIONS

Position corr(,(,tion_ wm'o required for some of

the ncceh,rom(,ter rend|rigs to con vm't the m(,asm'od
values at th(, instrument h)(.atioa to vMut,s at tim

c(,tLt(,l" of gravity. ('orre('tions for model 1)it(']fin_"

and yawing velocities were nlso made to the read-

ings of the air-flow in(li('ators to obtain |mgh's of

attack and angles of si(h'slip. These (.orr(,('tio,s
were nntde ns d(,s(','ibed in ref(,r(,n('(' 10. In the

process of dala amdysis, rill the mensured lat-
eral-oscillntion dnta were referenced to 2. Thv

fre(tuency-resl)onse ('hnrn('l erist i('s of all t he inst ru-
nwnts were sufti('iently close to thos(' of the side-

slip vanes so that the only (,orrections required
were to the phase nngh,s o1' tlw rolling velocii.v.

These corrections varied t)(,tween nppr(>xii,,ntely
1° and 5 ° for tl|e tests ]|erein. The readings fron_

the two transverse nr('eh,rometcrs in ea('i_ mo(M

were used to ol)tnin yawing velocity fr(),,k tl,'
rolnt ion

_.=:t(,,,. ,,,._-.,..) (l)
1

In the si(h'-t'(w('(' e(luntion (o( t. (2)) t h(' gravity
W

terJlls _ (q5 ('OS 0 @ @ Sill 0) hllve been omitted.

As shown in tlw s(,('tion entitled "A('cura('y," this

omission has n n(,gligibh, effe('t on the results

presented herein and eliminates lhe necessity of
measuring or ¢'otnputing the roll, pitch, am| yaw

a||gh's. Also in e(lunti(m (2) the total nerody-

mtmi(' side l'or('e is given I)y ('r (whi('t_ inrh,h's the

contributions of ('r_, Cry, ('rp, an(l ('r_)t)e(*nuse

this quantity is ot)tni_wd from the tl'allsvel'se
11"

_w(.l,h,rollle|t'r })y []1(' r(,lntion (Ty-a, q_%.

]tt equations (jt) and (4), the asSUml)tim_ has
I)(,(,n made thnt _=--r in order thnt th(, yawing-

nnd sideslil)ping-v('lo('ity deriw_tiv(,s tony i,_'
combined to reduce the mmd)er of unknown aero-

dynamic t(,rms. As shown by the vector diagr_m_s

to be presented Inter this is a very good approxi-
mat.ion for the tests discussed her(,in. Equnlions

(2) to (4) contain nonlinear inertia terms propor-

t,iomd to a and q. Since a and q are required I.
be eonslnnt in a linear three-degree-of-freedon_

method of solution, they nre assumed ronstnnt in

the following development.
Th,, fundamental relntionships between the

various vv('tors and tiwir deriw_tiw's mav be
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illuslralcd by considering the solution of eqmtiions

(2) io (4) for the oscillalory mode of inotion re-

stilting from n disturbnnce. Such.lsolution ]nay
bc wrilten in lhc f'm'm

_,+,,v cos ,.0t (5)

(6)

! )1t ,_ .'it
s,_l_ _,,, ,o:(,.,,t+ 9.D (7)

lr] ,
'-= , cos(_t+ %) (S)

l)i[l'crentiation or eqtmtion (5) giw,s

(=,+,..1+)
(I 1

Also

i)11(1

tnn - __ =: 90°+ tan- _a_ (1 O)
(I l ¢.0

Thus, the vector representing the derivative of )8

has n magniluth, equal to the magnitude of _3mul-
l iplicd by lhe undamped natural circular fre<tueney

of the motioli and a phase angle which leads B by

911o4 tan_ _ aA where tan-' fta is refem, d to as the
(,,.0 ¢0

damping angle. For damped oscillatory motions

the d.lmping nnglc will be positive and for diver-

gent oscillatory motions the tlampi.g angle ,,viii
be negative. Successive differentiations or inte-

gral ions of all 3" or the co,npom,nls of motion yieh{
the same relationship b(,lwccn vectors and tll_,it'

derivatives. Thus, if any coznponent of motion

is measured or ol|terwist: determined in both mag-

nilude and phase anffh,, the vectors representing

auy time derivatives of lhe snme component of
motion nt'e known as well.

Equniions (2) to (4) linty ihen ]w rewriilen in

the folh>wing form which represents the lime-

vector method for analysis of lhe tlighl data:

0 112)

A-1_3 /,--/_....._ " . I lxz r! lxz !pl
q' Sb j3 -- q' Nb q -- ' ' :-- ' ;i5, q ,';biB: q ,.",;bq_

bi_ b I,'--(""--( 'b, 2 " --((",--(-"D) :.?,I'_] =0 (13)

bp ( ¢ b r
--('nl)_i"]_[--(" "tr-- '"q_) 2|'!B]:, 0 (14)

The nmplilttdc ratios and phase angh,s required
in (h.' solutions are ol)tnined from the lime

hishw es of (lie tligh[ (('sl. Time histories of Ix,,'()

lyl)ic_l oscillations for each of the three SWel)l-

wing :nodcls llown in the eXln,,'imcnlal program
are sh>wn in figures 8, 9, and 10. For convenience

in ilbislraling lhe iml)m'lnnl feaim'os of (he

Inolion, (lle mt'nn values of rolling v(,h)('ily have

l)c(,n sul)tracte(l from the data and only (he

(]is(ur})nnc(,s SUl)erinq)os(,d oii l])(,s(, in(,an values

are slown in tigures ,",i io 10. The (,ssenliall/

st('a(l_-sili.le or monn valll('S of rolling v('lo(:ity

were 'aus(,(l l)v slight amounts of lwis( in lhe

m<)(h,l witlgs. Fr(mi lh(,s(, data lh(' al)iplilud(, arid

1)hast r('lations of B, ("r, and p can I)(' (h,t(,rmined

for us,' in (h(' a,mlysis.

Typical w'ctor dingrams are shown in tiffure 11

for tli,, high-wing nlo(h,l (nlo(h,l I) ,ind lh(, h>w-
wing )no(M (model 2) for n Ma('h uun)l)(,r ()i' 1.2.

The s,)lulion is start(,([ with Ill(' side-force (,(lUa-

tion. A unit vet'ior/3 is ('hos(,n as sh()wn in figure

11 I() (,sinblish (h(' s('nh, (if the v(,('(()r diagram.
._I'3 (').1 ._V 'Pl

mh,, , ,rod _S c_t_ =,l'O [h(',l
p]ot(e,l and a(hh'd v(,('lorially with the prol)er

signs v_nd phase angh,s l)y using lh(' vnhles deter-

ntin(,(] ]'roni th(' ftigh( ieM. The diligrliin is ihen

,_ V!r J
closed illl(l the ve('lor l'(,])r(,s(,nliiitZ q'_[_l is lhllS

(]('l(q'ndn('d. Since _ ()1' i" WilS liL"4o lll('ilSIll'('(_|

!I'

(]llrillg the tlighi t('sls, tile v(,('lor [,_ (.ouid hliv(,.

])('t'li ( elernihi('d l'rOlll as in(ti('ltle(I t)r(,vi()usly.

:)
]liSt('a l, the vli]ll(' O[ fl ilS lnenstlr(,(l in ih(, tlighl,

test is use(l as it cliock Oli Ill(' vlihi(' (h,l(,rniine(l

fl'oiii 1 le ve(qOl" (iiltlZl'Itiils.

I. i
Wil Iil knowh'(tge (if 1,8! Ill(' s()hlii()n ('Jill llleli

pro('eo | io (h(' rolling=liioln(,lit llli(i yliwing-liioni(,nt

(liligi'It iis ilS shown ]ii [ig/ll'i,s l l (t)) Itn(l i 1 ((').

Th(, ii erlia veclors iil'O firsi ph)lt(,(I. I)lltn ob-

tlline(| indicllle that for the nlo(h,ls of tile l)res .
0111 in vesligat ion the lifi ('()('Ili<'i(,nls, lIIl(l ('OllSe-

qll('iit|vili(, pitching v('lociii(,s, r(,innhl(,(t il(,lir z(,ro.

Ttius, tii(, ro]]hlg- Inl(I yliWillff-lllOlil(qil l(TlilS
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G,V 0

M :0.89 _

prolmrtiolml to q were m,gligibh' and do not nl)l)e_u'
in the vector di_granls of figure 11. Three ve_'tors

representing the nm-od3-1mmiv derivatives are then

required in e_u'h di_gr_m but II.,se are known only

in diroclion, no! mngnilmh', _md lhu'_ no[ _dl of
them nmv be determined from the V('clorsolution.

Thus, it is m,cessarv either to egtillllltP Olle O[ the

i

135 i3.7 13.9

t,5ec

(b) Subsonic oseillalion.

rolling-monlenl and one of the yawhlg-nloment

derival.iw's or to delernlim' them by solne other

liiOlt.li, ,a, ill order lhnt. the oiher four ill,iV l)t, deior-

111]I10(|. It, is logi(ml 10 eslinlale those dOl'iVntives

llml 'U'(' exl)ecl('d lo have th(' snlalh'sl ell'e('t. In

I'('I'(TeI/C('S (.)illld l l lllld the present illV(,sligatioll_

the derivative,_ gem,rnlly lmvin_ the snmlh'st effect,
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FIIH'RE !1. Tim(, hi,qm'y _)' model '2,

were, (',,p _lnd ((,'_ --('_), _u_l esliumled v_du('s of
these deviv_dive.s were used for mo(h,l,_ 1 ,tml 4.

For models 2 _u,d ;{, however, _ somewhat ditl'erent

pro('eduve w=_s used. For the high-wiug model

__ ('"e(h,terminedrrom the v(,('tor(lia_rauLs.

]t (ranI)(,s(,(,ufrom Igin'('If(h) thnt ('l,--('l_has
_Lre|utiw'lyluiuor elh,('tou the Hioliou of lh(,

high-wing u.)(h,l. Whe. lhe s_uue procedure w_s

used for the h)w-wi.g Jn.del(m()d('l2),vev.vgnmt

si'__it(,l"illtlw vnlu('sof ('_po('('urred'rod sore('
iml)rolmldy high _md some improt)at)ly low values

resulled. It is evid(,ul iu figure ll(b) tirol

('_--(.'_ }uts a much greater eff('('t ou tim motiou
of the low-wiug model. ('Oml)_u'isous .r the two

('ouliguralious (holh flown at au hugh, of atlu('],:

] T
' i

18.6 18.8 19.0
SeC

(h) Sul)_onic oseilFdi(m,

19.2 19.4

of uc_ Hy 0 °) iu(li('_t(,d tlmt the ('outril)utiou of the

wing- )ody eoml)i,udiou to ('_,, should I)e the s_tm(,
for th(, two models. Eslimntious of the contribu-

tiou _1' the verti(ml trills to ('h, (r(,f. 12) showed
some litt'(,re]_(_es ht,twet, n results for models 1 und 2

t)ec_u4e of the difft,r(,n('e iu si(h,wnsh produt'(,d l)v

the rt)lliug wings, tml the entire ('ontribution of the

vt'rli(' d tail was h'ss llum 5 l)(,r('eul or tirol du_,

lo 11. wing. Th(,refort,, lhe v_dues o1' (',_, for th('
lwo c,.u/igur_dions should t)e the snm(, within _t few

pertxutl. ()u the basis of lhis rt'a:-;onil_g th(, v_tlues

of ('_, t'ouud for model 1 were _tssumed to _q)ply for

model 2, _md the vector (li_gnuns were compleled

to de (,rmiue ('z,--('.r_ nnd ('_.
For model 3 lh(, _u=dysis w_s simihu' to thai fro.

_u()del 2 except ttutt helow . M_.'h muul.,r of
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ltt)<)ul li.t.)5 wh(,r(, the rolling motion 1)(,('tilne

essentiMly zero all the rolling terms (lisapt)ear('d

fI'(Hll ill0 e(llllitiolis Iilitl i.t +_vits II()t, ll('(t(+sSttl'y |o

,,siinmt(' air< of the a(,ro(lyntunic <h,rivalives.

For soltJti()tl of the yawhtg-tttolnent t'qtlati()ll,

esiilnttted "vidues oF (+, +0.02 for ]nodel 1 and

('%+_4).()5 for Im)(t('l 2 wert' use<l. Th('s(' value,_

wen' estimatt'd })y use or rt, l'(,r(,nc(,s 12 to 14

anal the difft'rml<'t, in vMu(' for the lwo models is
due to lht' diit'(,ren<'e in si(h,v<Itsh ut, lh<, vm'ti<'ul

tttil caused [iv tht, rolling wing. The eslhutlll'd

villtl(' t'llr Ill(i(l('l 4 w'ts (%, - ().l().

Oi_,m-ST*TW Ml+:T.(m

+\ qunsi-slnli(' method outlhw<l in rel'm'en<'e 9

Imty l)eused to ,)l)tMn lh(' hlti'rnl-I'(ir('<', yawing-

iliOiii0iit, lllld rolliilg-tilOlili'lit ('oetti('ients. Th('se

coeflicients <'till i)e obtitined froiii equittions (2) to

(4) il+ functioliS of sideslip niig|e lis follows (with

l|w l(TlnS invi)lving ¢1 ItsSUUli'd Io I)t' ilegli_i|)le):

lI+

('"(_) ='_' q'X (ia)

(, . Ix . Ixz . ,(, fk (, l,h
,(/3) <f:YblJ--q',_'h r-t ::--("._)'21"-- ','21" ([+i)

1, . lz . /vz , .#'h (, p5
,,(_s):<s,_,#,, ,s,<<,,#,7_-(¢' -(

Tile side I'oi'c(, its it fllllCliOll oJ' sideslip ¢%.(_3)('till

I)(' lll].cen equlll Io ill(' ll)llll ini,liSlii't'([ side force
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Model
2

C) -

.-B= +1.0
(a}

I',_ Si,h-fo,'t',,dia_z,'a,,,._ -.q'Sl#l-l-q'";_[ __.q'N_L_-- f$ -- •

l"t_;tI¢1.: I I. Voet.r diaKrams flu" hiKh-wing and lov,'-win_

m{.lels. M_1.2.

Model I Model 2

-... -C_B -. _ -. ,-B = +o.ol

",, '%

C b P .-

- -...X/,.....
.. "xz ILl

(b) q'Sb I.el

,:h) l{t)llin_-m,mu'nl di:_r;,tn.

Ix t)+ /xz!i" + __(,+,,.L' p] ¢ 121'", i-- , --(' --(('_,--(:tj)

I"mVBE II.- Uontinued.

O.

if the ln(,ttSlll'e([ side for('e is essentially 1SO° out

of phase with tilt' sidesli 1) ,ingle. Thi_ indi('at(,s
thnt.

pb ?,b " C #b I
¢ 'Yv 21"+ ( ¥' 21 '+ ra 2I'--- )

M;8(_._L , -c,, b IPI- .. ,,a_1_t,
: --(., c..)ev

-- -Co_
(c) _D__

Model 2

(c) Yav.:ing-m<mlent dia_r:tm

]+'ldl RE I 1. (_onelu,:h'd.

T., rolling and yawing .lOlnents us f'un+:tions of

sid('sl p ('_(¢3) and (',,(¢3), resp(,t'livt,ly, are giv(,n
by the lotul =m,asurt,d tnm_wnls (/) and i" lvr=llS in

('(l s .(ltl) and (17)) corre('t('d for the nl(Imenls due

to rvlling =rod yawing vt,hwitit,s,. The rolliug

angtll_tr n('('t,lt,rnti,:}n t) can lit, obtnint,<l rronl dilrof

entia'ion of the roll rat(' aml tht' yawing _mgular
it<'(+t'lel'ltliOll '," ('till 1)(' o|}taillt'd I'l'oln the two II'ttlIS-

VOI'S(' tll'l't'l('l'tllllt'lt'l'S. 'I't., values t}l' the del'iva-

lives ¢+,,_,and ('+,--(++j tu'e those ust'd in or ob-

tuilw, I I'r.m ltw rot'lot s.luli<ms, ,ll.I ¢',,--¢',,_,
('Iv' _+n<lr ttr(' (_l_I:litlt'(l t't'ot_ tht' vt.'tor soluli(ms.

A 1,ody-tlxis systom 'wns used for lilt, sul,:e t)l'

e,mi,¢(niell('t' It.lid all flight illSll'tllllt'lllttliOll WItS

tdino< wilh the systelll. Tht' d(wi,.'.tives oh-

tnint'.l may by t't.lv('rlt'<l to ++.slallilily-nxis sys-

tvln, ,>ul ill this lmrli('uhu' fast', dill'twct.'cs wouhl

In' Sll rill sin,'(, o_ is +l]',',++l.',+s.l'tU" Zt't'tL

OTIIEI{ ANALYSIS I%tOCI;lllrlll'+'S

Th, ii_,.,-vc.tor s(llulitms ulilizt, Ill(, inl'orlml-

lion tvnihdflt, iu lho os<'illal<.'v mode of ltllt,rtd

null(in. ()thor _unlt,s of _mdit>l_ exist when tt

lal,'l'tl distlu'l.ll.'t' is applied. TI.'s_' art' g't'lt-

frail 3 two nF.t,ritldi<' lmllions; a lightly (lalnl)ed or

spiral _.><1(' and a .Iot'v I.mvilv dtunpv(l roll(ritZ

_u>th' Bet'ause of thl' rt,hltivcly shm'l ll,stin_

lilnt' a'.'ttihll:,h ' an,l tlm changing Nltl('h nunllmr

f(:,r flit' tyl)(' of tuc.de] lt'sts dt's('rib('(l hel'('in the

Sl)irn] mode of tuotion ('annol be (Ict('<'tt+<l ill lh<,

flight li_.' hi+tol'it's. The v,+t'll dumped rollinv

lit(Ill( II ('till frequently l>e used to olltaiu a lilt'((Sill't'

t:,l' (G' l_o',vovt,t'. An nl:,lW<,xhnatiml to lit('

daul Iing oi' this in<,dt' t}r In,i:.tioll unn l:W+ found by

assut tin V n sin_lo de ffl'ee Of fr<'edOln ill roll with

all lOl'C'd3qltllll](: d01'ivttlives zm'() eXUOl:,t ()v"

S<4vi+tg equation (3) for ('% Ulldet' Ihl'Sl' assunll)-
lions

, 21" Ix
¢ ',, "_ b _]',_,'I;, (_s)
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Th{' inv{,siigalion in rel'{q'{'r.'{' 15 indi('ntvs l|mt

gen{'rall.v lhe t'a('loi's ignored in ot)laining equn-

tirol (18) will hay(' a m,gligiblc etr{,(.1, (,x(.{,l}l.

possibly /xz. A solnewhal {'los(q" al)proxima-

t ion may th(,refor(, be obtained by in('lu[iing Ixz,

and solving (,(lualions (3) and (4) for ibis {'rise

yMds:

'2V Ix 2l" 1 l'xz 2

q'ho yaw dislur|)m's and pulse ro('k(,ts us{,d in

the pr{,s(,nl tests were hll(,n(]('d only as disturbers,

not as fi'nsibh' ('onlrols. ('OIl(r{ll SIlI'[II('PS iillIV

Of course be us{'d to provide disiurlmn('es, in whi('h

case {'ontrol ett'ecliw,n(,ss may also I)e (ll}t;lin(,d.

An {,xanq)h, of su(!h a ('onlrol stirl'a('P investiga-

tion and ('ontrol {,tr{,rliv(,nc,ss amdysis is con-

tain('l[ in r(,f(q'i'nc(' 16.

A Ei{OELASTICITY EFFECTS

Th{' llexibility o[' the wings nnd vm'ti('al-lail

sur(a('es of the SWel}t-wing models (h,srribed h(,roin

had an al}lil'{'{'inbh' otr(,(.l Ul)On the resulls. Tim

(,tt'e{'ls of wing [h,xibiliiy on (':. and llw hwr{,m{,nt

ill (':2 (.aus(,d I)v gcomelri(' {lihc{h'al, and lhe

(,tre(!ts of v{,rii('al tail th,xil)ilily {m ('r,, (_,,_, nnd

(',,_ w{,re (,stimnl{'d I)v lhe moihods given in the

al}t)i'n(lix.
Ac(:urA(_Y

The (,st ilmlt {'d n{'('Ul'n('y of the 1)asir mi,asur{'-

n.qlis is imli{'ntcd in tal)h, Ill for the high-v,'ing

and low-willg m{}{h'ls n! lwo _la{'h numl){'Ps. The

{h,rivaiiv{'s (')-_, ('"a, (':., and (',,--(',,., riP{' I'tlll('-

lions of s(}me or nil of lhe {tuanlili{'s. The im'r{,-

m{,litnl {,rP()r in (_::j, fop instalw% {lit(' t() lira

1'1'['O1' ill Iv v,-ns |llkOll fin

, , b( '!;_

(_x_,,):,: 6i,.- ..x/,

where lh{' l}nrliaI dm'ivalive {,1' ('l,# witll resl).'('{ to

lx wns ot}lain{'{I froni n s()lu!ion {if llw vl'{'{or

diagram. 'I'll{' l)rotml)h' {,l'i'()l' in ('_,_ ,ht(' i() nil

the l)r(it)alih' {,rrors in iat)h, lll was !nl,:{qi lo t){'

'Pal)h* iX" gives the results of !his {,rror :mnlysis.

The iil(T('llliqlls due 1{) {,IT{)r:.4 ill {qt('h ()f lit{' tmsir

nl,.,asur{'d (luantilies are given lo illustrate the

relaliv{' imt)ortan('e of a('{'ura(,y of {,a{'h mcasurc-

m{,n(. The results for nio{M 2 sh{tuld nl}l)ly

nliproxinlaicly to nio{h,l 3, and lh{, 1}robnI)le

TABI,],2 llI.- -ESTIM.VI'I+;I) A('(TI/A{:Y {}F

VAIII()US MEASII/I';I) Q1TANTITIES

[All in(.r{.mt,nls may t){, i}osiliv{. (}r m,gativ{,]

A(.{.uracy :it

{_11;1111 il y M{)(h'] ....

31 1.3 BI: 0.7

1 and 2

1 avid 2

l and 2

1 and 2

!1

L2

Le
1 and 2

I and 2

1 :uld 2

l and 2

1 and 2

I and 2

1 and 2

1. 0

:2. (}

• O3

• OO5

10

! .|

3

6

.5

1.5

3. 5

.5

.5

2. (}

),[, 1)[,l'('l,llt

q#_ !){'F('(!IIt

ll/2, S('{!

I!', l)[,r{'vnt

/fZ2! t}(!r {'(_ll I,

,_'v_, lwr(.{,nl

_, {leg

c% (leg

_, {h'g

(l l

_' I)Pr('('nl

3. 0

6. 0

.10

• 010

3

2

3

10

.5

1.5

3. 5

.5

.5

.5

2.0

(q'i'Ol','g ill pPl'{'('lll {)f th{' {h,Pivntives for iilo{M

al)l}ly nt)l)roxinial(,ly to n/o{M 4. The 1}robal)h ,

{,rrors iu table IV nre given in l('rlns of both

al}solul{, limgnilud{, and ns l){'rc{'ntages of the

{l{,rivaliv{,s. Th{' 1)('r('{'niage i,ri'ors hay{, lillh,

._,,aning in some {'ns('s, sm'h as for (' of mo(h'l ')

for exalnl)h', whi,re lh{' nbsolut{' error is smnll ])ut

!h{, tler{'{'nlngc {,t'r{}l' is lnrg(, b{,('aus(, ('_ is n(,nr

z(,ro. Also giv{,n are lh{, in('r{'menls ('aus{'{1 l)v

e('r!ain anl{tunts o1' unc('rlnin!y in Ih{' a{,rodynalliic

{lcrivaliv{'s 1}lill hlid lo l){' {,stinlnt{'d io li{'rinit

(l{,!(,rllihiillion of {lie oilier dl,rivllliv{'s.

Fl'Oiii lalde Ix, " il is evident lllal llll' sill|it si,l,'-

dip derivnliw,s Ill'O, ill _eliel'al, liioi'c licCili'all'lv

(IellTinint'(I ltilin Ill'{' tile rollil'V ihq'ivniiv{'s. !t!t'hcli

l tic ell'eel of dvnniiiir-l}re_sllr(' innrrui'nrics (which

have Itll lipprecii_t}h_ eft'oct (ill all dcrivative._ lit hlw

st){,eds ) is {,x('lu(h'd, the vnluo:..; ot' ( ',,_l air{! lltt'ecled

g'renll 3- t}\' hinc('tll'_icies in /' tile vnilli'.q o1'

('";--(_"D' 1)y ini/rrUl'nries in tL:._,; liw vllluvs {ll'

('t_j, bV illli{'{'ili'It{'ii'S ill 7*!" 'lll{I 1]11' Valii{'S of

('z--C_D,.1)y illilt'('llra('ies in (2.. Vi'h{,ll ill{, rollin/

v{,lo('ily is ]lil'gt', a{i{lili{innl Inl'<{,_,,{' {,tt'{,{'ls Oil ('./_

i{nd ('"r--('"D Ill'{' caused t)v. inlil'(!lli'ltri('s in _ and

a, lin(I (':v and ('_ are also iiffe('l('{[ gi'('llliv llv

inli(.('ura('h's in (._,. An und{,i'slltii{ihlg of l]ie |'(,|i-

SOilS [til' all lll{'s{' i,ffi,cls (:Hil t)o ol)tnined liv il SlllilV

of tho v{,Plor {liagi'an:s hi fil£Ul'(' 11.
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'rill, effect of inleerl_dlltil,s in lhe eslilllaled

value of (',.,, is t'ldrly lnrge for llle yaw d_nlll)ing
(',,--(',,. for nlodel I lltl,l l'airl'¢ Slll_tll f<)r nloth'l

2, i,ven though the i,stinitlt(,d value is lllrgt'r for

nlt)lh'l 2. This ell'el'l, I)f <'ours<,, is duo it) the great

tlifft,ren('t, ill ill(' anq)lituth, of ttle vtlllillg nlolion
I)elween the lwl) ,lloth,ls. Ervt,'s in till' vldu,,s ill'

('_, and (' --(' used iu the analvsis have lll)-l r 1_

l)l't,_'int)h, ('fft'('ts on o_lch olht,l', l{OWi'Vei', b('('lillSt'

tlf th(, nletll,),l of t)lllaining those dt,rivatives for

thl' 1)resent series of tests as Oxl)lained in the
st,clion ,,ul ith,d "Time-Vel'l(w ,';i)lut ions for ()s('il-

hHory Nit)lions," thl,s(, (lUatltitil's sht)uhl t)l' sub-

jI'ct It) less tmcertainiy than are the vidul,s t)f C,p.

RESULTS AND DISCUSSION

l)Itht from lhe swept-wing models (mo(h,ls 1,
2, _m(I :¢) art, used h) illuslrlllt, the use of the time-

vector n,,thod of solutil)u of the osi.ilhmlry

mt)titln, and data ft)r the (nlswt,l)l-wing nloth,1

(inllth,1 4) t'l't)tll rt'ft'VellCe 9 are usod ltl ilhtstr=tle

lilt' usi,l'nhlt'Ss of the (lmlsi-slnti.' f)rtlci'IhH'e, as ,'ahuhtll,tl

TiME-VEI:TOR ANALYSIS I)otw,,el the

Time histories. Portions of the model '"iF-

time Ilish)rit,s for Ihe swel)t-wing nlodl,ls are
i)resl,l|lt,d ill figures S ill 10. 'rht, nli)Sl ol)vi(lus G" ')
tlill'erenct's ht,twe,'n tin' IlitiliOllS ft)r the lhi'eo -.1()+

liitldt,ls lii't' lhe gi't,litl3" rt,tlncell O_l'iihllor3" i'()]liiig

vt,lo,'ilh,s fill' Illt)dt'ls '2 llilt] :{ ('Olnl)liri'd with ilioso

i)f Illl)di'| I. At Sl)t'i'ds I)t,hiw ld)l)Ul :11 (I.9, _, Ell

illl)th,l :t exhihit,,d lit) tlisl'ernillh, I)eriodi( ' rolling ,:

lllt)liliil. A[.-:.o i,vidi,nl is lhl, lower fl't,(llien(. 3" i)l'

the iliOlitlli I'/)l" niti(h,l I ('l)lll[)lll'O(I wilh ihlll of _" i

ililidels 2 lind ;/.

The etl't,cis of tliese niolion ('hlirll('lerisli(.s Oil

the lillll|3sis of" the (lilllt hi,rein llr(' illustrllletl in -2.(>

the vt,l'ltil' diltgrnlllS in figiil'e 1 1. The ]ill'gel' size

(if lhe side-for('t' )lilt| 3 awing-inonient (liilgrillns for

iliOdt,[ ') lhlln for lillilh,[ 1 is n ilil'(,t,l[ i'esu|l ill' the .o:'.

}liglier fi'e(luenl' )" for nlode| 2. Tile htrger size I

of the rolling-nl(inieni dillgi'lllll for nl(l(l(,1 1 is ]
i'unsed b S its higher rlltio of rolling to sideslipping G" (,,

nlolion. "Flit' side-l'or('e diagrlun sliows lhitl

j lilitl --/'lll'e vei'v neltr|3 e(liiitl in Illltgliilli(l(, lliid

differ ill ])hlls( ' ttnglo 1iv O1i13"" il few degrees; lht,s(, _ .o

t'ondititins justif S lhe list' ()fil_ --#' hi the rolling-

IIItilll('llt it)ill VllWilig-iiiOliiOlil e(lUlltil)llS, o

•Siilli|| vItrialions int)sllv of li i'lmdoin ('hltl'll('i(,i',

o(,(,UiTed ili l iie llligle-of-iillli('l,; llild n()i'lnni-f(ir(.e-

(.(tefli('ienl lilne histt)i'it',_ i l]il,se Vili'illlions raise

l he (liit'slitlll t)f ilierlill ('titil)lill g lit'lwet'ii ]()llgi-

ludinnl Itnllhlterlil nlolions. Alilnnigh theef|'ecls

of the hlieriil niolion ill) llie hingitudinltl lliolion

were iinporlttnl ill produ('ing ()i" niodif3'ing )he

hlngilu<lilial niolion shown iii figures 8 It) 10, the

facl(ll' or signiti(,llll(,e for the (lillll, I)resenti,d

hereiii is the se('()ndllr 3" e|l't,cl of this |oligiludiillll

lnoiion on lhe htlernl inolion. (!lih'ullttions

indical,d thai lhese hitler ell'ects were within

tile ii('(lirii('v of lhe llllqiSIll'l,lii(,illS for l]ie diila

preseli l or| ]ior(,ili.

Trim characteristics. The lrini vnhies ()r lnoan

vlthies )f the llleliStli'ed (ilia)it)lies wilh (is,'ilhttory

('(tliipoileills i'(qnov('d iti'e showll ili figiiro 12.

T]leSe I_lOliil vll|ues iil'O li liloliSlil'( _ i)l' tile ii.Sylillll(,il'3 •

(if' tile niodels oi' ltn, iiielislii'iiig iilslrUlilOnts.

In parti(,ular, the posilivi, Vllltll, of ('Y.t for )ill)do]

1 is 1)elieve(I to ret)r('s(qil It ('(Inslitnl-nl'('eh'rlliion

tq'ror ((Jr zoro shift) hi the irllnsvtq'so ii('('(,h,rolillqtq'

ill. the t'eiltor of gravily, This su])posilil)n is

supl)or'ed lIv Ih(, iii(,lili VldUes li()t, e(tuitl to zero

whi('h i('l'tlrre(I iii lilt, vltliles i)l' 7" for lids nlo, nel,

frlinl the dilt',,l'enl!t, in r,,ndhlgs

llt'/'l'|l'rl)ilil,lor_ lit ihe ('Olilor (if
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M

(b) 3[o(h'l 2. I,ow-wi,K mod_,l,

l"](_ur_: 12. (_(.itintwd.

gr_tvity :lnd in the nose. Both o1' these dis('rep- .4

_tu('ies :.'e of _l m_lgnitt.h, _tnd (tirt,eliou to be

expl.iued by the _weeler.tio. error. _"
All models l'en]aine(] u(,_H' zero lift. The m_,_ln .2

v_du_'s of rolling v(,lo('ity _.'e given i. terms of
th(" helix _mgte pb/2I', which w_s less tim. 0.01
for _tll models. The estim_ted wdu(, of c_ ['or

too(h,1 I shows the v_dues used i. th(, solution

of' the e(lmttions and w_s ol)t_tin(,d by dividing

the m(,_tsured v_due o1' (':¢,t 1)y an estim_tte(I v_due

or (x., since c_ w_s _ot m(,_tst.'ed o. this too(h,1.
Oscillation characteristics.--The measured pe-

riods of os('ilhttion .re sllown in figure 13. The

most obvious t'(,_ttur(, is tl., h_rger 1)eriods for ti_e

high-wing too(h,1. The (hmq)iug (.tmr.(,t(,risti(,s

_.'_, shown in figure 14. l,ittle (litl'(,r(,n('e i. m.g-

nitu(le (,xiste(l t)(,tweeu the (h_ml)i.g limes for
the three mo(hds.

The _mq)litu(le r_tios of rolling velocity lo side-

slip angle are shown in figure 15. The ratio for the
high-wing model is 5 to 10 limes _s high as l'or the

other t,wo mo(h,ls. For both high-wi.g mod(,ls,

th(' rolli.g-veloeity amplitu(le r_tio increases co.-

(e) Model 3.

I*'I(_HtE 12.

1.0 1.2

M

lli_h-wi.g m(.](,I, I"

( !ou('h_d_,(I.

T

!

1.4 1,6

- 1()o.
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I"I(;VRE14.
fh_gKcd vtdnes fro]n _ against I.
('r agains! t.

300

Time to (t'm 4) to on(,-lmlf aml)litude. Un-
I,'lag.g(,d 'vahzes from

I
Model

) I

3

I 2

1.4 1.6

I
sec

BOO

[
r

l-!-- /

I.o 1.2
M

I"I(;ITP, E 15. ])_oll-vt,loeity "mq)litude.

degree of exI)et'iJnetHal a('('uraey in determining
the phase angles for model 2 be('ause of the smalh,r

amplitudes of rolling motion. This is indicated in

tat)lc III 1)y the smalh, r a('('uracy listed for model
2.

Plots of ('r against /_ are shown in figure 17,
and the slot)es of these ('tlrves yiehled the deriva-

tive ('O" Since the phase angle between Cr

160

140

g,

120

I00

60

FI<;tTR .: 16. l)hase "_+]tKle betweett rolling velocity and

si(h_slip angle.

and ¢__:as 180 ° for all models within the ae(,uracy
to whi.h this quantity eouh| Iw measured, the

ratio _ require(I for the vectoralnpli(i d(,

solution is equal to --('O" Within the random
scatter of the dala the curves appear to be linear.
The sh,pes faired through the dala in figure 17

are tho_e used in the data analysis.

The lerivative C'v_ as a function of Maeh num-
ber is present(,d in figure 18. The high-wing
model, as wotfld t)e expected, has lower values

of ('r_ than does (,ith(,r of tim other mo(h,ls. In
the tn+nsonic region the low-wing model has a

wdue (f Cr o 25 to 50 percent gr(,at(,r than the
high-w ng ino(lel. The values of (70 for the high-

wing n,o(lel with negative dihedral fall t)etween
those f,w the other two models, these values being

generally ('loser to those for the low-wing model.

At Math numbers 1)elow 0.9 the slopes ('+-_ for
model 3 exhibit some rath(,r large and irregular

variations with Mach number fox' some unknown
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.on

Cy

0

Cy

reason. Vertical-tail th, xibility had a relatively

small effect on Cry.
The preceding plots (figs. 12 to 18) present the

t)asic information whi('h, with the ]n,lss and inert ia

characteristics given in tables I and ]I, constitute

l .... ]

.85 _ .89

0 0

.01 _ ] , •

t
-.01

_o__V [ i ; ! ] _ i _-
- 0 i 2

0 0 0 0

B, deg

(a) M(,del I. Iligh-wing m(,(h,I.

Fichu}rE 17.- l,:tleral-f(H'ce coeiIicienls.

the data necessary to construct the vector dia-

grams. Quantities from the plots of period,

amplitude ratio, and phase angle were ]lot fah'ed
before using tlwm to (,onstruet the vector (liagrams

since each point in effect constitutes a fah'ed value
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lx, D

C

I
-I

- 1- -

M= 0.68

I
o

i,
1

o

I o

I _, I '

O Increosing

El" Decreosing /_1

o o o
.B, deg

0 0 0 0 0

,8, deg

(I)) Model 2. ]x,w-v,'illg no(h!l.

FI(;VRE 17. (k)lllinu_(l.

to the extent that periods, n.lplitu(h, ralios, nnd

phase angles _H'(, for a lltl]¿l})(,[' of ]mll'-('y('h's of ill('

oscillations. A faired v_ihl(, _v_l._, |lso(I for /1/2

in the (htl_t redtwtion ])(,('_ttts(, of the (]ifti<.uh.v in

ol)t_lining tIH _lc('urt_t(, value of this (luuntity.

Figt:re 19 shows a (,Oml)nrison of tim arnl)litude
ratio (,f yawing aee(,h,ration to sideslip angle for
t,wo m )dels as ]n(,asur(,(I from the t ransvers(, _('('('l-

('TOlll(_-(q'S by the r('lati()l| giv(,ll l)y ('(Ilia|loll (1),

and as determined froth the vector-diagrnm solu-
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I ions.
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(c) Model 3. IIigh-willg model, F:: -- lO °.

]?[(H:RE 17. Colwhl(h,(l.

The agreeinent shown is ('onsi(h,r(,d Io be

.83

0

[

v(,ry good and I'urldshes a (4w('],: on the tt('('tlrli('y

of the solutions. The ('onil)arisot/ in fig(ire 19

ttlso is a furth(,r indi(mtion of the small nutgnitu(h'

or (,otq)ling (,ft'(,(,ts be(,ause the (lifl'er(m('e in reading
t)('lW('('II tWO |l'liltSV(q'S(' |l_('('('](q'Olli('i(WS S(,l)arlite(l

_dong the A_axis will a('lually I)e 1)rol)ortiomd to
the sum (i'+pq). No l)has(' ungh, ('oml)Itrisolt

t

I

I

I +

o o

is shown 1)e('ause :_+It (,xamimdion of tit(' time

histories in(li('at(,d that tlt(' angle 9; woul(I ]rove

gre_it(,r ina('('m'ti('i(,+ titan £+, (table ]]]) and thus

wouhl n<)l rt.rnish any tls(,ftd inr()rnmtion.

Lateral stability derivatives. The sideslip (h'-

riviit iv(,s lii'e ])re+tutti'(1 I'or# ilt (h,gri,(,s Io t'_t('ilitat(,

('oinl)tii'i+ons witil wiit(1-1unn('l lest re,_iill_. In

the ('(lulilions o1' iii(tlit)il lhes(, (h,rivuliv(,s IiitiSl be
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F](;FR_: 19. Yawing ac(.,,h,r:_tion alnt)lilu(h,.

used with _l in r_tdians. 'I'}w static stability

d(,l'ivalivc (',,_ is pl'(,s(ml('([ as a t'un('tio, of Math
m.nb(,r in figure 20. In agre(,m(ml with the high

wdue of sidewash (,xpe('ted for a high-wing coil-

figuration (ref. 17), the slalic sl_d)iliiy deriwltiv(,

of tho high-wing too(h.1 is ('onsist(mtly lower than
tirol for either of the other two nm(|els. An

approximately constant difference exists betwe(m
the high- and low-wing models. The stall(" st_L-
I)ilitv dcriwitive or mo(hd :_ is somcwtmt lower

titan ll.,l rot the low-wing (,o,digm'alio..t all
_111('}1 IIIlllll)(q'S. T}I(, ('f]'cct of verti('_l|-lail th,xi-

J)ility is }Zl'(_lil(w ror the low-wing lno(|el t hall ['or

the high-wing too(]el I)(,('ause at a giv(,n sid(,sli])

angle the verti('al-lail load is greater rot the h)w-

.oo6 .... ] _ : 7--

:' ;

.6 8 ,.o ,,4 ,.6
M

FI(;( lie 20. Siali(" dir(,ciiolla[ sl:tl)ilily (h,rivaliv(,.

wi.g _,lod(d as _, r(,sul! or 1t,(. smalh,r si(h,w_sh.
Th( variatio, of the (ql'(,('liw_ (lih(,(h'al (l(,riv_{iv(,

(',_ with M_wh m.ut)t,r is l)r(,scnt(,d in figur(, 21.
Tlw }figh-wing model t..I _l htrg_, .og_.iv(, vahw

of ('_ whi(.h rose to a I)_'_dl at 31 1.0 and (h,-
('r<.as(,d in ]m_gtfill+(h, at stq)_,rs(>ni<' spet,(ls. The

vahws of (',a ['or the low-wi.g mo(h,l w(,r(, _q)proxi-
mal(,lv om,-f.t.'th as ]arg(, ;ts lhos(, rot th(, high-

wi.g _.od<,l. Th(, vnri.li<). .r iI.. <h,riv.liv_,

,,villi Ll.('h .t.,d:,,.',' l'()r llw t.olh'l v,+ilh n(,galiv('

dih(,d, _,l w.s ..(.h l l._l the vnlu(,s or ('9 w(,,.e l(,w_,r
[hall Iml ror I111' hhv-v,,ing rim(h4 _ll sul)sold('
Sl)('('(I.- t)ul in('r(,_s_,d gr(,.lly al .Nla('h llllllll)(,rs

IlI)()V(' 1.0 IIll(l I)('('anl(' gl'i'llliq' lhall i]lal for lilt,

h)v,'-v,: .g Ino(h'l _l lh,{' |liglwsl Sl)i'i'ds all_dn['(I in
iIw l('_.ls.

An 'xa('l eslimal(, or ltw (ql',{,cls or th,xihilily (m

('_a w(,uhl h(, v,[,ry involv,{,(1 si.(.(, holh vri.g and

v,m'li(.= 1 l.il ('(mlrih.l(, 1() ¢'_;_, ..(I llw v¢i.g 1o:.1
distril ulioil and r,(,sulting si(hw.,'_,sh ('ha.g(.s as
ntt'(,('l(d hy wi.g position .r(' Ilnkl|OWII. TI,_,

i.('r(m (,nl in ('_ ('(mlrih.ll,_l hy IIw v(,rli('al l_lil is

L_

-.(05

-.(02

-.( '01 .... Estimoted rigid ]_

.001
.6 .8

]?IIiUliE 2 ].

- T I_ . . Model
I

A---_ ,__ _ .__QL__

I ....

1.0 1.2 1.4 1.6

Effeclive dih,,dral derivative.
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redu('vd I)y vm'ti('_d-tail th,xibility but this r(,du('-

l i(m is sm_dl (_d.)ut 9 1)er('enl at the highest NbMl

numl)er) _ln_(i is n(,aHy the s_mu, for _dl tin'c(,
tnodels. TIu, in('r(,m(,nt in (' (mused bv moving

the wing to lh(, to]) or bottom of the t'usel|]ge is

,'ss('.tMIv _] wh.g-root eff('('t :rod lhe i])flu(m('e
.(wili('i(,ni: in figure (i in(li('ale v(,rv lilth, wing
twist due to hinds ('<)||('(,||tnded near the int)o:H'(t

.rid. Th(,r(,for,,, 1o _= first al)t)roxi||||dio||, the

v_du(,s o1' ('t_ for the high-_md h)w-wing mo(l('ls
shouhl 1)e rt,lativ(,ly u||_dl'ec't(,d by wing _m(I t_]il

flexibility. The in('remmH in ('_, ('m]s('d by the
_('oln('tri(' dih(,drnl is shown by r(,feren('e IN and

(]al_l I)r('s('nle(I subs('qm'ntly [|etch| to b(' at)t)l'oxi-

IImtely t)rol)ortiom|l to ('q,, _dthol.gh, of ('(mrse,
lh(' hind (lisl|'it)utio||s n|'(' not i,h,nti('al. There-

I'o]'(,. as _ gross =|t]pr()xi|||=dio|_ the inm'(,mm=ts in

('_ _h|(' t() geometri(' dihe(h'.l were ('orr(,.'l.,d I)y

lh(, santo fn('tor ('|d('ulat(,d I'm' ('q, mul the results
are shown in figure '21.

As [lis('uss(,.I in the se('tion entitled "Time-

\'.('tot Solutions For ()s('ill.tory .\h)tions," the

[h_],ping-in-roll de,'iv_div(, ('_,, w_l_ d('t('rmin('d For

mo(M 1 only nml it wns nssu||wd I]IIH (*tp fO]"
Jlmdels '2 aml ;; was the snm('. A('('ordingly, llw

vnri=_tion ol' ('t_, "wil]l .\l.('h numh(,r for the three
Jnod(,ls is shown in tigur(, 22. The ell'(,.'l of wing

Ih.xil)ility on ('_v was very large, the estimated in-
rre.n('nt due lo ('b]sti('ity being al)(mt 50 1]er('md
,d' the mensur(,d v_du(, =tt 511=1.3. The (l_]t=_ I'or

( 'z_, are nhm)st enl ir('ly _twing-t'us('l_tg(' etre(.t sire'e,
as mention(,([ l)r(,viously, the l_dl surf.ve._ ('onlrib-

_=t(' h'ss than 5 1)(w('(,nt of the damping in roll
v,l|vn the ('tt'e('t ()1' the rolling w.l,:e on the l_dl is
|wcount(,d for.

lh'('s('||t('d in figure 23 is the vuriution of th,'

.[=m|t]ing-in-vaw d(,rivative (',,--(*.. with Nbu'h

_m]nbez'. As m|ght I)e aeeou||ted tor by the high

r,le of ('hnnge oi' si(h'wnsi_, the d_tmping-in-yaw

-.6 _[( %'-. {

k

C_p, o-0-

' _ 0

rodion -.2 [ i I I i

Experimentol ]

Estimoted rioid

% ,.o ,2 ,.4
M

]'h(;vR_-: 22.--] )anq)in_-in-roll d,wivat ix*(..

-I.2
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/a) l,ow-win_]mod.1.

(h) ]ligh-wing model,_P ll) c.

]q(;t*R},; 24. [,al('ral slal)ilily (h,rivative ('_" ('I_.

r 0 0
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al)l)ro_u'h(,d z(,ro below M 1.0. AI)o,,'e AI--I.O,

tlw C'_--("t_ for thi_ model ris(,_ r_q)idly. For the

hv, v-v<i._ mod_'l, the' ('ross dot|vat|re, lm_ an

un'atic' varialion through the trau.,<oni(' re,ion

witll a .,<lightly iwgaii',e ".Idu(' iu tlw region arouml

imi('('urlwi(,s iu ihi._ (h,rivldiv(, (faith' IV) a)i(l ih(:

uld<nowu 2u, ro(hu_uui(_ inlerf(,r(,)w(, (,[l'(,('ts, uo

atl(,tu[)t was mad(, to (,sliluate the ('fie(q..4 ()[

th,xil)ility.
Comparison with other data. Figures 25 and 2(J

c()ut_fin _ummary 1)lo(_ ('omlmring (h(, data de-

s('i'il)('(l h('r('i)i witll v.'u'ious wili(l-lului('l, ro('k(,t-

l)rop('lh'(l-ino(h'l, aild lh(,()reli('_il i'e._ull,_ ou .qluilav

cou[i_uraiiozls. The ro('l<(,i-i)rol)elh,d-mod(4 d_thL

k " ', l ) -- O"------- LOw wing _

ol i i I I

Vertical tail, ,//'7 Vertical toil,
ref. _1

_ ref. 17

.oo01 - } _ T I l T --_
[ i / ! 4- foot tunnel

!Est, o,0tt t I' , , ,J' from ref. 17 J- _ / ," ' Estimated

.oo4 _ - _ _-. _--_ 1 from ref. _0_ _
(_ _ _Estimated I_/_ _k W,- / I --

0| L I t, [-"e"', i i iJJ

(_ Vertical toil, _ Vertical toil,
present test ref. _'0
and ref. 19

-°°4[! ] , !
-I_-°°_ a i ->'_: I _ _ "

0 .4 .8 1.2 1.6 2.0 _.4

M

]"i(',tl¢l+] 25, ('t)ilil):il'i>()Ii of r()t'k(,t-l)rOl)(,lh,d li]Otit!l ;lii(i

',Vlil(l-lilliilt'l rl;tt;i ()ii ('(|'('('l,'- ()f ',vili_ l)_)_-ili())i.

-.OOO4

czB
T-.ooo_

0

]"ll;I lie 2(i.

I_ 1 Est mated from ref. IB T l
i _ , and experimental0 t i / /]

heoryl ref' £_+',I L 1 1 ,P Re;_

• : r-_f%-_ " ! t t" i i

L t i"'re'n''es' i J i II
.4 ,8 1.2 1.6 2.0 _.4

M

dihv(lr:d d(,ri',:div(, ('_,

o| r(,l'(, '(,11('(, 19 Ill'(, J'()l' wiug liii(I tail with the _il)ll(,

.ff('Ollle I'i(' (']lltril('l(,ri,qli('s il_ l has(, o[' lh(' l)lO(l(,]_ of

the l)l','._(')li t('sts ('X('('l)l |or li llii(Iwhll_ I)()siiiou.

Th(, fi _l']il_(' shal)t' Wil,_ _Olll('WIllll (liJi'er(,lll. The

"Wili(l-lqilu(,| (hilll lit X|li('h ilUliil)(,i's ()1' 2.(tl (ref.

20) |lull 1.41 (froui I('._I+_ hi the lmiigl(,y4-1)v4-['ool

SUl)('rs,)lli(: 1)r('ssur( , lliiill(,]) w(,r(, |or ill(, _illil(, whig

|IS Ill(, ])l'(,_(!iil i(,sl._ I)ul il (litt'(,r(,nt (,lll[)(,llllll_(,

ill'i'illl_i'llll'lll, (_('(' fi_. 25.) Th(' whi(I-lulllie|

(llila Ill J[--0.17 (ret'. 17) liu(t ;1[--()._0 lo 0.92

(r(,['. 215 "wer(, |or ('oll[iTUl'llli()n_ "wilh _oiu(,whal,

(li[l'(,relii whl_' liii(l lail 7(,()lii(,ll'v. All (]l(,s(, wiu(l-

till|l|('| (llilll hiiv(, h(,(,li ('()l'r(,('t(,(] ['o1' Ill(, (liJ]'(,r(,ll('(,s

in lllil 7'('Olii(,li'v |or (,(Hill)iiri_<)ii wiih ih(, l)r(,sent

lt,sl.% I))-(,slhiilllhig lh(' (,ft'(,('i,_ ()f Jail g(,()iii(,li']

t)ui 11() si(h,wa._h ('hlilig(,s.

The (q.ll'Vl_S shown iu ]lTui'(,s 7.:3 aild 26 fol' t}lc.

[)l'OS(,ill t(,sls lll'(_ those hlt)(,h,(l "e._ihnate(] riTid" in

l)riwiou._ figlu'es ,_hice_ tile wiil(]-tuiinei diita are for

essentially ri<,,id ili()dels. Ill _(hlition, tile values

o| (+._ for the l)r(:s(,nt tesls |laVe l)e(,n It(ljuste(] (()

li ('(,)lt(r-()f-gr_lvity position at 0.2()7 _ to furuish l/

lliOre _a]i(l ('oliit)llri._on wiih diilll ili refer(,ii(_0 l!)

(ceill(q' of 7ravily l)t 0.107:) li, iid r(,f(,roll('e_ 17 Oli(]

20 (('onler of 7ravikv tit 0.257:).

}{es_ilts for the nii(lwiiL_ rovk(,i-l)rol)elie(l Ino(le]

of l'l'f('lt!li('e 1<,) 1171"('0 very well wiiti lhe ._hl(,sli 1)

derivlitlves o| tile ])resent test (tig. 25) ex(.ep( t'or

(7'._ li(, A| 1.3 wiior(' the v'iJ11('s frail| i'of('i'eil('O ]9

|Jr(' ._()ii ('wirer hlgh('r thilii w(iu](I h(' ('xI)('('l(,(1 fl)r li

lni(hvhl<_ ('oiifigllriiiioli fr()in (lie ])i'('_(,iil I(,._ts.

Tlio in( i'(iili(,lil hi ("v<_ llli(I (',,_ ('lillS('(I I)V (']lliliT('s

ill whi_ I)()._lli()ii> Ill, |Ill liliTh, ()f lilla(.k ()[ /) °, Ill'(,

(!ilil_e(t)v the v(,rli('lil tiii] t)eiil 7 hi dilt'(,i'(,nt i'(,Ti()ii._

()f lii(, _i(t(,wll,_[i fh,hl for Ill(! ({iffei'(,nl wiiig [)osi-

li()lis. 'l'ti('s(_ hic'reiu(,iils for liie [)l'(!S(,llt i(,sl Ill'(!

at)()Ui iie Slilll(' il_ ill(,S(' obiltiue(I frOlll the _ul)s()ui('

Will(l-it iili('] (hlla. of r('[(,l'(,ll('(, 17 ,,vii(,r(, li verli(!li]

llli[ wi:]l siulilh'r li._])(.,('L rliih) (J()w(,r ('[t'('('iive

}i(,igiit) wii._ us(,(I lin(I ill'(' S()lli("wiillt ]II1'7('1' lhlili

l tu, hi("eili('lit_ frail| l'(,f(,r(,ii('e 9[ ,,Vil(,r(, li v(,rlivu]

tliil wi!h ]lii'_(,i" lis])(,(,1, rllli() (higil(,r (dt'i,(.iiv(,

h('i71il] \Vil_ use(|. The ._ul)(,r,_()lih_ ")vhi(I-tliliil(,I

(hllu lit .1[ 1.41 llli(i .1_[_ 2.01 for ii ver(i('lil-illii

llri'illl_(llt('lli_ ]lliVilig l)llrl ()f il_ ill'OfL h('i()w lira

I'ii_(']ligt , ._how Inll('h Sliuili(,r hi(!rl,iil(,lits i'(,Sliithi 7

rr()lli (.hlili_(,s lit v,in_ heigli[.. Ii ('()u]<] h(, <'x[)('('i(,(t

llulL il vi'rlicii] It/i| of ._uulli tieiThi or ()11o will| il

[)orlioii of its lii'('It b(,low llio |'u_(,llige w()uhl r(,stiil

ill siiilii[(,i' ('}lllii_(,s hi (').<_ llii(t (',,_ (tu(! Io whi7

l)osiiiol_ siu(.e tile tail wouhl t)(, ('[l'e('ilve]y llOill'Or
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the center of tile sidcwatsh tM{I and would experi-

ence smaller changes in sid/,wltsh. A Vel'liclll tail

]laving its ltren sb,mnletriclllly distributell above
and btqow lho longitudinal holly axis would pro-

duce no change in Cr_ and C,,e tit an angle of
alill('k of 0° as lhe wing is inovelt from the hot toni

to the top of lhe fusehlgt,.

TIle increnlonis in ("_a('llused by cllangl,s in
wing position (ti_S. 25) m'e prinlarily an offel't of
lhe wing and, seeomhlrily, an ott'ect of file tail.

These increnionis are rollsonlibly i_onslluii throuKh-

out lho Maeh nlliilbt'r rill|go iihisirnied, SOliW

iilcrolise i)Ccllrring li{, tl'alisonic speods. Tho COill-

par|son bolwoen lhe various st'is of data for (_j

is very good. No iheorl, lical vahles tiro showil ill

tiglii'o 25 boelitlSe i/o lhooreliclll vnllle._ (if silie_,vi_sh

resuiling from |lie ]Olill ilislrilmtiollS due Io

clnmgos in win 7 position nro nvliilltb|o.

A slunnittry of lho ett'ecis of gooiiiolric dihedr.i1

oil C is showli in tiffure 76. The lipproxilnlilo
15

niolhl)ll of l'ef('r('liCO IS wlwn used wiih the expor-

inieni, li| (tloxil4o) VillliCS of (_is ' froln lho pl'l'senl

tosi siiowed ronilirkli|)lo ll71'oenit!lll _viih |he oxptq'-

ilnentlil VlliUeS. This flicl forlnt,d lho basis for

llie liit,lhod of corl'(,Clill}_ lho ('_ Vll|ll(_ i)f iiiOlle] 3

for ttexibilily ,'is descrii)cd prlwil)llsly, q'tl_' stili-

SOllil' lheory of l'('foroilt'l' 22 111111 lhe Sllpl'rSOlliO

wiud-tunnlq dliQl of reftWlql<'l! 2;'I show vlihlt'S of

('
-_J siniihlr io ltlOSl' oi)llliliOl[ in llle ]n'e:lqil lesls.
1'

The v,ihles of ('_s, froltl the l)l'l'St'lil iesi Clll'l'('lqOl[

tO rigid-wing \iilll('S lirl! SOlii('vlhiil iiigii('i' Itl sub-

sonic st)('eds thnn l]ie lheorlqivnl vnlul's (l't,f. 92)

lind ilro higher iliall lilt, l[l(,l)l'V of l'(,t'l,l'l,ll('o '..)4 IlL

J/--l.0. The iqlrvo of (_t1_ fol' lilt, I)l'l'Sl'lil lesl

(unl_orrl,cl, ed for fh,xillility), when exlrnpltllilod,

indic|lies ]ood ilgreoliielil wilh llle ill|Ill for (' intp

l'('f('l'('ll('l' 21) which were for lh(, SlllllP win 7 nnd

iilil illTilliT(,liiOlit.

Liille illfOrillaliOll (,xis/s I)ll ill(' Ill'l'ivilliV(_'

(_--(,. for coinllliilSOli _vilh the pi'l'SlqiL resulls.
. r j

(./l|cu]nlell vlilui's |rOlil reference 13 lit low sub-

sonic speelts Wel'e lli)Olll< 0.04 wliic}l is ill, |('list tile

(!I)ITCCL order of IIl,lgilillldl'. (S(!0 fig. 24.)

Flying qualities.--The nlotion i'hlil'ncLt,rislics
prescnled In'evilmsly for the lhrec nlolhqs lllllV ill!

inlerprelt'll iu t,ornis of flying qulililies for i_ full-

scnle liii'plmio. Tho nonlliinl,nsionlti chnrllclol'islics

(if tho niotioli -lhlit, is, lunl)litudo rlilios Stleh |is

_, illll£1(,s , and lllllllt)l,l" of (.ydes reltuirl,d Illphilse

dlinip 1o l/ ffiv('n frnclion of the ltl'iginili nlnpliluth,

--illlly 1)o consilhwl'll ns npplyinff directly to il

full-scale llirphult, hnvin K iho _qillllp rlqniive ih,nsily

u iid the sltnil, lilmdiiiiousioliiil rlidii of _zyrillion.

Tht_ rlqnlivl, _lensity fliclor/x_ for lhe liiOltt,l lesls

varicll frl)in lillltlil 11 5 Ill li Xhich lllilni)or of 0.7 io

libOlll, N7 lit il Milch iilliiit)er of 1.3. The full-scalo

liirpiline llilitmll,s Inid Wili K lolidinffs r(,1)rt'senlol]

by ihesl, vniuos, lhe inode|s flown t)t,iiig nssuniod

to ill' 1/10-sonlo niodels, nre shown in [iKtii'e 2,7.

Till, vlilul,S sinrulnlt'd by llio niodlqS Iil'O ren._onabio

for cllrrl,nl nil'pill|lOS.

SugTesloll roquirl'niolils for dalnpin K of tlw

ll/lt,rlll oscillltlions for tiirphinl,s ill'P IZiven in

reft,rtmo(, 2`5. These r(!quii'enlonls t/re ilhlsirlded

in ]i}zui'/! 7S. Points for all lhrl,i, lnollei,_ dis('uSsell

herlqu lll'O shov¢ll Oil Iiio chlu'l for iwo Xllic.[i

nllinl)lq'S. It i._ l/i)l)lir(,iil ihIli itll, iI,lniping

is linslllisfliciory for nil llii'ot! configlirliliOilS for

llltrlllIll-liiKlll cllnllilions, ill'l'ordill g ll)lhl* ])rlllllt,_Ol]

bOllllllill'il'S (if I't'f('l'i'Ill'O ')5.

A ('llllll)lll'iSl)tt WllS lllildt' of tile IllHlllillll'llSiOllill

rlulii ill' gyriltion i_f Ihl, lhrtm lnoltol,_ wilh llVOFil_10

vlilllt,S for lhi'l't' Cllrrl'lil swopl-Wilig [iKliler Itir-

l)lliiios. Thl, COillpllri_,lm showell lhl/1 Ill(, radii of

Kyi'nlil)n in rllll W(Wl' ltl(, Slilnl _ Inil llilil lhl, rndii of

]3"l'lllil)ll in yaw of Ill(' IIl()lil'ls W('l't' iliilllll 1,5 1)(,r-

('ell| ll/l'ffl!l" l]lilll lill/St' for lIle fuil-scIIh' llirl)lilnt's.

Also, ns slnl('ll I)rt'vitillS]y, lilt' ('l*lllt.'l'S of grnvily

lit' the lll(ilil'lS Wl'rl' 1)h/('oli Ill'Ill" I]11' h,liilill g i,ilg_l"

t)f tile 111(_111 llIWllliylllililil: Clil)I'liS Ill nlininlizc

pitell-yilw Clmllling. .%. Imrnull ct'nlel'-tlf-gl'llvity
position for lhis lypt, iff llirllhule wlnlhl pl'14nllll N

bC lllqll' :g0 In'rct'ni of lli(' IIIClIII al'rollynilniic cllor_l.

Tho Iqt't'cis I)ii llie iill)liOli Ill I'c_hlchi K |lie rlulius

i)f Kyrlllion in .VilW Ily i5 I)ercl, iil |Jill| the i,tt'(,ci_

of this rt'lhlciilln Cliliibill('ll wilh II 3{I-Ill'I'll'Ill re_ir-

wilrlt lnov(,nient of ill(, i'l!nlt'r of 7rnvil3" _.vt'l'l!

50xlO_' [

4.0 60 80
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(Ire'|vat|yes can t)e obtained froln the quasi-

static analysis.

Tile variation of hlleral-force ('oeflici(,nt, yaw-

ing-moment ('oellicieni, and rolling-moment co-
(qiici(,nt wi(il angi(, of sideslip and Ma('h mmfl)m'

are silown in figure 30 for the unswept-wing
model. These ('oetlh'ients were ol)tai)led as tim('-

ti()ns of 2 as indical(,(l in itw analysis.

Tl,e straight lines througll tile (la(a points for

(% C,, and C, are drawn witil the slop(, used

ill or ob(ain(,d from v('('tm' diagrams. Wind-
tmlnel data from refer(,n('(, 27 for a Ma('h mamb(,r

of 0.(,) are also stlowl,. TIw wind-tunnel ([atl_

|mitt'ate a marked r(,duction in sh)ln, at small

nngl(,s of sideslip, tnlt tile slope at moderate

sideslip is about tile same as that of tile present
test. The linear variation from ti., vector solution

is in general a good representation of tiw rocket-

l)rOl)olled-mo(M data; tinKerer, a ('los(, (,xamiml-

lion in(licat(,s sore(, small nonlinear len(hmcy
similar to that of ill(, win(l-tunn(q results. The

fat'( t]lat (he ro('k(,t-l)rOl)ellc(1-modol data |nil|cat(,

a more nearly linear variation of force and moment

coeflici(,nls with anglo of sideslip a! a Nlach
lllllllt)0[' ()f 0., () t}lall (iO tile data of reference 27

is most likely due to a Reynolds mzml)er etrect

(,ll the sharp-n()sc airfoil s(,<,tion. '|'lie Reynolds
mmlb(,rs of tile wind-tunnel anti r<)vket-prop(qled-

moth,1 tests wet(' 2.3 >< 10 (; and 7.4 X l0 '_, ve-

sp('ctiv('ly.

EVAIAIAT|ON OF 'I'ENT TECHNIQUE

Time-vector solution.--A)lalysis of tilt, (lata f()v
tile configurations of the present investigatiml

pl'ovi(l(,d sore(, COml)arativc basis for (,valuating

th(, test tecimi(tu(,. The most obvious con('lusioil

is ttmt no general statements app]i('al)h: to all
CHS('S (!llll })O l/IH(iff ll[[ld PH(!h (ttls(' lllllst [)(' ('x-

alnin('(I in(lividually to (le((q'nfilw the m,rodymm|ic
derivatives that ('art t)e dei(,rmiltcd nJtd their

resultant It('('llFa('y.

()lie of th(, (lilli('ulti(,s in th(, t(,sl te('hnique

is that Not all the r()lling-m(mwnt and yawing-

nmm(,ni d(,,'ivativ(,s usually hwhuh,(l in th(,

e(lUaliOllS of motion can l)e (h'(('rmi)l('d. SOlll(,

al)l)roximaiions may be mad(, to permit the

de(ermimttion of the most importa)it (leriva(ives.
One approximation gem, rally made is that B----,'
whi('h reduces the number of unknown (h,riwt-

tires by 2.
hl many ('as(,s the ct'oss derivaiiv(,s (' and

:, .,_:_ Imv(, r(,laiiv(,ly small eit'(,cis on the
morton aim lheir magnilu(h, may safe|y I)e

estimate(l to permit determination of the other
(h, rivatives. For sore(, cases where Ill(, (,ffe('(s of

C, v or C_--C_D may I)e al)l)re('iabh, but not
n(,('(,ssarily lar_(,r'(_ than the ell'e('ts of other (l(,riva-
tiv(,s, it may })e advantageous (o use (,stinmte(l
values of some of tim other (h, vivativ(,s su(.h as

('_a or ('tp l)ecaus(, of the relatively greater anlolmt
of information availabh, from other som'(.(,s O)l

(h(,s(, derivat iv(,s.

It is also fairly obvious ihat Ill(, rolling (h,riva-

(iv(,s C_v and C_ are })(,st obtained fronl motions
involving a large ratio of rolling mot|o)| (() yawin<_,

motion and tiw yawing d(,rivativ(,s C,,a and (',,#
-- (',,. are best obtained from motions having a large

lql|lO Of yawing rot)irons to |.oiling [tlOtlO)l, })('('ill|,".;('

thes(' ('onditions lend (o minimize (lw eff(,('(s of

lit(, ('ross d(,rivativ(,s. ('onv(,rsely, (h(, (,fl'(,('ls of

ih(, ('ross (h, rivaiiv(,s can l)(, ilwr(,as(,(l l)y reversing

ih(,s(, ('on(liiions. Thus, int(,llig(,)it I)lal,ning of

the (Ivnll|ni(, ('on(litions ()f ih(' (('sls ('till result ill

(,n]|illiisizhi 7 (he (lel'ivaiiv(,s (if nlosl hileresl.

Alleralions hi lh(, rail() of ro]lh/7 niolion 1()

yliwiiig lnotioli niliy t)(, li('('onitilish0(l I)v (']ililigili 7

the ratio of r()llhig lliOllllqils of hit,rill| to yitwhlg

illOin(,iils (-it" hiertili, if lwo flighls lit two (liffei'enl

inei'lili ralios |)ul und(,r olii(,rwis(, i(lenih'til ('Oll-

(lith)ns ('iili })e lillid(', lh('ii the (ti[lh'u]iy of hllvhig

io() liillli%." derivatives 10 lii('liSlll'0 ('lilt })(' otivhii('(I,
})('ctillSe two (iiffi, i'('nt st'Is (if nioliolis woll|(i lit!

tivliilli})h'. B()lii st'Is of niolions nillsl })o pro-

du('e(I t)y the Slllll(, (h,rivillivi,s, lin(l lhlls iI ]ili'7(,i'

lllllll})(q' of ([erivliliv(,s llllly b(, (t(,ternlin('(l.

As l)oinie(l olii in tile s('('ti()n ('nliih'(l "Nl('llio(l of

Analysis," other nio(h,s of nioiion, su('h its tile

]l(,liviiy (llllll])(,(I roll sul)si(l(,n('(> lllliy hi, used l()

lissisl hi linlllyzing the (hilll. Th(, (]anil)in _ of

tilis liiolioll lllll..v |)o llSl,d it) find CQ, if ltiis iiiod(, of

niolioll ('lilt |)(, (,xlril(.led froni lhe lnt,lisui'tq[ liliie

ilislories. Tilts I)ro('e(hlre hllS I)e(,n llS(,(i ill other

rockei-l)ropelh,(I illo(Icl l('sls to lll(qlSlll'(' (_lp. Fol"

lh(, pr(,s(qit l(,sts the lime to (hiinp 1o half ainpii-

ill(it, (if tills ino(](, of niotioll WilS llt)Ollt 0.0:J

S('(t()lld Ill ;I/--I.13 llll(l 0.0(i S('('Oii(] ill J/--0.7

ill|(] (,xaniinatioli ()f the lhne ]lislori(,s indicated

tirol this niolion could iiol })(' exlrllcied frtun tim

resulls. (ll'(,liler (,x(qllili()ii of tills it|ode of |no|lOll

('llll ])(' oiilllill(q[ |)y lll)lilying II l'ollillg-IiiOlllelit

disllii'i)lili('e I'lllli('i' lliliil li yliwili7-inoiii('lil dis-
llll'l)lili('l' sis |'()1" the |)l'('S('lll, iesls.
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_I1 wouhl |)e t)ossible to eliminate the t,'ans-

verse lle('e]el'Ollle|(q', [o llse I! rate gyro [o lllelIslIFC

r, and to solve lhe side-force diagranl to obtain

C_-_. The diagrams of tigure ll(a) in(|icaie ihqt
for the (lynamie eondilions of lhes(, tests this

t)ro(.e(lure would lead to large probable errors in

Cr: t)eeause the phase differen('e between _ and

r, which is principally d(q)end('ni 11])011 (_l,'_, is of
lhe same order of magnitude as the possible phase-

angle err<>rs of lhe rate gym iNstrum<,nis used

(table ]lI). Fairly large errors in (',,,--(',,D
wouhl also resuh from this l)rOee(lure t)e('ausc

these derivatives are greatly (h,pende,ll ,m lhe

phase angle t)elv:een i' lin(t j (ti K. 11((')).
Allholigh lhe test te('hni(lue used is a (t.vnlinii('

leelini(tue , the analysis of these and olher tlighf0

lest tilth/ hl(li('liied that the so-clilh,(I slltlie shh,-

slip (lei'iviliives (,ill| lislially |)l, (leierinine(l iiiOl'/,

ilt>(..lii'llle]v lhiin ('llil the rollil'V derivatives.

The l'Ollll')" (h,rivalives (h'l)en(I l)rinlllriiv Oll the

i)till_e rehtlions t)(,lween the vliriolls ('onil)(tnenis

of lilolii)li, lilld It. it|ore ll('(qiriile detorinilililioli

()f the r(tlliry (](q'ivlltives WOll](I l'e(lllil'e gl'eilleF

_i('elll'll(')- in lhe liiellsllreliieiit of the i)hiise lliiKles

lit|l[ of those (lulintilio: whi('h etre(qively ('tillS("

|)]iiiSe shifts ili ihe liiOliOli, :ll(']l |is angle of

illliiekj inclination of the l)rin('il)lil axis, illi(I tim

_hinipilig of lhe niolion. The re(luirenienl, for

il('('lll'tleV (t|' lillqlSlll'eliielil of lhe phase lingh's

also requires lhal llie freqllen('v-respollSe (qlil.r-

a('terislies of elieh inslrunlent |)e l,:nowli, Silt('(, _

ill)l)recili|ih, (,l'l'Ol'S ill lihitse tinkles (hie to inll)er-

fe(q ilisli'lillienl resl)Olise liliiy tie ])i'e_lqil, ili the

ttlilii lind nil|st t)e ('ori'e('led for.

For lhe (llilli l)l'(,S(,llled ]ierein, lili lingllhl.r

ve]o('ily inslrunieni WilS used to illellSlll'e the

])lilts(' liligh, (._p |is w(ql its lh(, rollhig velo('ily,

whet'ellS in i'efereli('e | 1 ill| liligllhlr li('('ehq'onioier

liiSlrliliielil wits used to liieilslii'e the I)hilse lillglo

tielween rolling aeee]ertilion lin(t sideslip liliglO

as well as the lllllgllilllde of roiling li('('(']('l'llliOii.

The ('orre('iiOliS thai ha(t tO tie applied to lhe

lnelisure(I tihlise lilig]es due 1o the fl'('(lllenev

resl)onses of lilt,S(, lwo inslrllinelits liniOlilile(I to

li|)oul 1 ° 1o '2° for lhe angular velocity inslrunicnl,

and li|)oul 1ti ° for lhe li.ngnillr lie('elorolnetcr

illstrliinenl Ill J[:l.]0. Front li ('OliSilleralioli of

il('('lil'li(_y, list, of illi ilisll'lliiielll ro(tuiring sinlill

(-orreciions lilit)elirs desirlilile. III flit't, it lll)l)('lli's

worihwiiile 1() <lell,rliiille exl)erinionllilly iho

fre<luen(.y-resl)onso charli(,lerislies <if the insiru-

lnelits in order io obtain lilt li('(qll'l/le eorre(qion to

t)e lll)])lie(1 lo lhe liieiiSllred l)lnise llliglos.

Ili lising lhe ])resenl equali(ins of motion anti

nietiio(I of sohltion, lhe niolion being ana]yze(t

is llssunie(l 1o |)c l_ linear lhree-(legree-of-freodoni

hlterli| niolion_ witil t.he longitudinal lnolioii

])liriillleters (_, i']> olo.) l'einililiillg (_oiistllnl. Su('}l

II t'on(lilioli se](ionl exists. To perlnil, ill)|)]ielilion

of Ibis |net.lied, it, is inll)(irtllni, t.hlit filly ill|Wilt|lee1

pii('liing liiolion l'01ililili sniali. ]_]xliniinliliOli ()['

lhe (llilli anti ¢lll(qi|ali()n of the freqnency of the

hnlgit.u(lina| inolion anti llie niagniin(les of lhe

[.OUl)iin g lernls for tile nlodeis (if ltie |)reselil in-

vesligaiion indieiiied that. negligitih' longiiudinlii-

hileral (,oui)ling existe(1. Cases htivo I)cen eli-

eouniore(l in whi('h large pileli-yliw omililin K wli_

])i'osent (e.g., ref. 28) tiil(t it. was liecesslil'y Io

inoln(]e llddiliolial ternis in lhe e(tualions ()f

In(ilion lin(t llse il lolisl-s(tUiil'es form of soinlion.

For 'ill the niodels of the ])resent investiglilion llic

lift coelli('ielits t/n(l_ ('onse(lliOlliiy , file ])it('hin 7

veh)('iiies l'elllllille(l lielll' Zel'O. Tiros, roilin,:-

it|eli|ell{, and v,lwilig-lilOliieiit lel'lilS tiroi)orlional

to q were negligil)h,. For tests in whiell lhe viilne

of q is al)l)recitll)h, these {('Fills elill t)o inchlde(t in

the tinie-veclor nieih(t(I of solnlion as long |is </

renlililiS l'elisonl/t)iy eonslllnl, (hiring el|ell os('ilili-

lion. it ('flit lie Seell fl'om lhe eqlialions iiil(t vector

(liiigl'li.iiis lit|it, sli('h lernis wmlid have l|le 71iine

eft'e(% on lhe liiolioli li.s the lierodyliliini(_ terins

' > (> illi(t (_( rr_ ( #:: .: nv.

Quasi-static method. The quasi-start(' method

furnishes vahlat)h, infornlaiion on the iineariiy

of the sli/lic siability data. It also furnishes a

check eli the li('(qll'll('y of lhe vector solnlion for

lhe stali(' IllOlll('lll (lerivittives. The llsl, (if this

nlelho(I titles (if coni'se re(tit|re lhe liSSlinit)li()n l)|"

]inetirilv for liiose qnltntiiies which lit'(' ot)lliine(t

frolii the ve(,tor sohltion tllld iheli use(t in e(im/-

lions (16) lin(t (17) 1o elli(qlllile inerenientli|

lii()iii('lltS or (.orre('lh)ns for the pllrl)ose (if isolalhig

tile sllilic slitt)ilily (hltil I howevel', lhis is Kenerllll.v

liof l/. seriolis iiinilalion. The in('renienllil inonienls

so clil('nhiled lirise front very sinli]] air tlow llligU-

iariiy (,hiiliges eli the iifthig Slll'flieos |is eituse(I }))"

rollitionlll velociih's ali(t ]inellriv lt('('eh, rliled it|o-

lion. For exanil)ie , lhe hirgesl roiling velo('ily

en(.oulllere(I (ill llie llnswel)l-wiil g nlode] wIis

lil)olll 5 rllililins per set'Oil(I, w]li(']i eorl'es|)(lli(]s Io
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a change in angle of attack at tile wing lip of about

0.6 ° . It, would not be expected that those aero-

dynamic l)henonwna (musing nonlinearities with

angle of attack would be felt at such small angles.
In addition, tile incremental moments due to

the rotational and linearly accelerated motion are

usually small compared to the moments due to

sideslip. This is particularly true for the yawing-

nlOlllellt cqllation. It is less true for the rolling-
moment equation, in which tile moment due to

roll damping may be of the same order of magni-

tude or even larger than that due to sideslip for
some cases. ,ludgment nmst l)e used in such (.ascs
to assess the value of the method.

('ONCLUDING REMARKS

A method of testing and dal'_ analysis has been

l)resented for investigating lhe lateral stability

characteristics of airplane models in free flight.

The method was illustrated I)y test results pre-

sentt,d for three swept-wing models differing only
in vertical position and dihedral of the wing nmt
one mlswct)t-wing model. The time-vector method

of solulio,l of the oscillatory motion prove(I lo be

a feasit)le and rapid method of (laJa amdysis for
det('rmininv nerodynanlic derivatives. One limi-

tation )f the method is that it does not permit

determnation of all the desired aerodynamic

derivalives from one set of flight-test data. Either
additio ,al modes of motion or ad(lili(mal test

data f(.r other tlight conditions may be used to

assist in determining some of the aerodynamic

derivat yes, or those derivatives having a minor

effect (n the motion may be eslimaled to i)ermit
a solution for tile remaining dcrivatiw_s.

Tile test and analysis procedure used herein

was adequate for establishing the magnitude of
the eft,ors of wing position and dihedral for lh,,

swept-wing configuration investigated. The meas-

m'e(I a ,rodynamie ett'ecls of wing position and

dihedral cmTelalcd well with awdlable experi-
mental and theoretical data and wm'e of similar

magnittide at transonic speeds to wind-tmmcl
data at subsonic speeds. The quasi-static method

of mmlysis permitted a (h'termimtl ion of the effects

of Reyuolds number on the linearily of the static

stal)ilitv derivalivcs for an unswept-wing con-
tigurnii m by con,paris(m with wind-tmmel data.

LAN(;I.E I{ESEA]_['II ( 'F N'I'Ell,

.'N'AT[I NA1, AEll(_NAITI's AND NPA('lq AIE_IINISTIIATION_

],A>[;LI_:Y FIELD, VA., JILL! I ._, 1.9.76.



APPENDIX

EFFECTS OF FLEXIBILITY OF VERTICAL TAIL AND WING

VERTICAL TAll.

The eil'e(q, of vertical-tail th,xibility on tit(, ver-

tical-tail lift-curve slop(' was cal('nlaled 1)y ill(,

met hod given in reference 10. For this calculation

tit(, influence coefficients in figm'c 6 and the span-

load dislributions of refer(race 29 were used. The

loss in vertical-tail lift-era're slope due to tlcxibility

was 9 t)erccnt at a Maeh number of 1.3 and 1 per-

cent at '_ Ma(,h numt)er of 0.7. Estimated values

for tit(, derivatives Cr_ aml C,,_ for the rigid tail
were then ot)t.fined from

and

(',,

' _' ' " (L_.,_, _,,,,.r

"_'r=(( "_"- "_") ?_ i i+_''_' "

The values of Crz and C,z for the wi,l_-fus(,lng('
comt)im_lion were estimnted from win(t-tmmel

tests.
WIN(;

The etl'e('t of wing th, xibility on Cb, was (.ah,u-

hm,(I 1)y tim melhod of referen('e 10 with some

mo(liticalions to el)lain rolling-momenl ett'e('ls

rather than lift, effects. The intluenve coctti('imtts

used arc shown in tigm'e (_ .rod tim Sl)an-load

dislrit)u(ion was ot)(ain(,d from felt, fence 22.

The e(luations herein r('I)res('nt the right win_

of the airplane with a 1)osilivc load L I)rodu('i.g

negalive rolling moment. The wing aml sp'm-

]o'M _lisiril)ulion nre (livi_h,d into 't mlmber of

se('li(,ns qs in r(,feren('c 10. The e(lmllion fin.

('% for lh(, elastic wing is

2(m.V.l_ m_-_t ...)

The rolling mome,t l)rodured by section 1 of the

elastic wing ca.n t)e approximated by

_V]lOl'e

_llld

_. (z!k+_o% q,ff,
,i ,: : ('c,,., \,.21" r/:I

l",or(i, '/,
.l'h _ ' r/

b
,_ rid (A2)

r(p) span-load 1)aI'ameter for rolling wing

Aoq

_0

Y/li

"r/h J

Fronl equation

or sill('e

change in se(,tion angle of attack caused by

wing elasticity

wdue of r/at controid of load distrit)u tie, over

section 1

value of V at root of exposed wing

wllue of rl tit. inboard end of seclion 1

"value of r/ at outbonrd end of section 1

A2)

_oq If_ x, 1 rl 1

pb/21 /C: (i ":"(", rq' pb _'
• 21"

(A3)

b (A4)
Ifi.V, 1 --Llrh ,)

"xoq -- L I

' Xl Ip, , _] "2 l _

From the in/luence eo(,lli('ienis the change in angle

of atla('l,: tit, secl.ioll 1 may I)e ot)hfined as

.Xcq L, 10 _ + L., 0 +...

O) is the twist, at station i due to unit,where .)j ,_
St

33
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h}ml al slalior, j. Equal(rift (AS) _tnd (All) and
rearrnnging yiehls

1< 0 + 1

+ L,
ph/2l.tLlr2 + ...... v, (3.7)

Similar equations are written for each section arid

the resulling set of equations is solved simultane-

/,_ L,
ously for the values of pb/21_, pb/2l" nml so forth,

for vtlt'iollS values of (*9. N' cowwing the lost.

rnnge. Then from equations (A.I) aml (A4) and

the vahl<,s.fl&.21.,pb/21, nlul so forth, theratio

of elastic <lamlfing in roll 1. rigid damping in roll

is given t)3,

Ilt+ e .............. - (As)
¢ ¢',... ISIp, r

In a,l,lition 1o its use in cl_rr'ecling r (Y:¢, for wing

th,xibilily, equation (AS) was used to give a tits(

apl)roxi:mttion to the effects of wing flexibility on

the incrmwnt of C 0 caused by gemm,trie dihedral.

as expl+_ined in lhe sect(oil m]lilh,d "i.a_ieral sta-

bility & rival ires."
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